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Coffee contains many antioxidants including purpurogallin, which is a
hydrophobic phenolic antioxidant that is difficult to measure with reported methods. A
method combining solid-phase extraction and liquid chromatography–mass spectrometry
was developed to detect and quantify purpurogallin in brewed beverages, including
coffee. For beverage preparation, water extraction was adopted for improved correlation
with moka pot brewing. Purpurogallin was detected in all commercial coffee samples,
and its content in ground coffees ranged from 455-630 ng/g dry weight. Purpurogallin
was only detected in two English breakfast tea samples (335-360 ng/g dry weight) and
was not detected in any cocoa sample. Antioxidant activity, total phenolic content, and
phenolic profile of coffees with different degrees of roasting were determined and
analyzed. The developed methodology was then further improved, and coffees with
different roasting degrees were analyzed for their antioxidant activity, total phenolic
content, and phenolic profile. The antioxidant activity ranged from 63.9-92.0 mg Trolox
equivalents per gram of coffee (dry weight), and the total phenolic content ranged from
36.0-57.7 mg gallic acid equivalents per gram of coffee (dry weight). However, the total

phenolic content was not correlated with the roasting degree (p > 0.05). When the
roasting degree increases, chlorogenic acid decreases drastically, but shikimic acid,
caffeic acid, gallic acid, pyrogallol, and purpurogallin increase correspondingly. The
results suggest that purpurogallin is a common antioxidant in roasted coffees, and an
increase in roasting degree will not only lead to dramatic breakdown of chlorogenic acid,
but also promote significant formation of other phenolic compounds that can provide
antioxidant activity.
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INTRODUCTION

In the United States, per capita beverage consumption is approximately equal to
water consumption (Wolf, Bray, & Popkin, 2008), with coffee and tea being the most
popular beverages (Popkin, Armstrong, Bray, Caballero, Frei, & Willett, 2006). Coffee
has been consumed since the 9th century (Topik, 2000; Ukers, 1948), and it is the world’s
second most valuable trading commodity after petroleum (Mussatto, Machado, Martins,
& Teixeira, 2011). Coffee is also a major contributor (~66%) of phenolic antioxidants in
the human diet (Brezová, Šlebodová, & Staško, 2009; Svilaas et al., 2004). Coffee
extracts can be used to inhibit lipid oxidation (Schwarz et al., 2001) and to regenerate
antioxidants in foods (Celik, Gokmen, & Fogliano, 2013).
Coffee may offer health benefits via phenolic phytochemicals (Del Rio,
Rodriguez-Mateos, Spencer, Tognolini, Borges, & Crozier, 2013). Human
epidemiological studies showed inverse correlations between moderate coffee
consumption and health issues, such as type 2 diabetes, cardiovascular diseases, cancers,
Parkinson's disease, and Alzheimer's disease (Bidel, Hu, & Tuomilehto, 2008; Bonita,
Mandarano, Shuta, & Vinson, 2007; Butt & Sultan, 2011). In animal studies, both green
and roasted coffee beans appeared to have hepatoprotective (Shin, Wang, Kang, & Son,
2010), anti-inflammatory (Moreira et al., 2013), and cancer inhibiting (Miller, Gonzales,
Orr, Binnie, & Sunahara, 2000) effects.
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Coffee roasting is a heating process that turns green beans into dark brown beans
and provides the distinctive flavor, aroma, body, and color in coffee brews (Bekedam,
Loots, Schols, Van Boekel, & Smit, 2008). Maillard reaction products are the prevailing
antioxidants in roasted coffees since most (~80%) of the free chlorogenic acid is
degraded during roasting (Jaganath & Crozier, 2009; Liu & Kitts, 2011).The formation of
melanoidins can compensate for the decreased antioxidant activity (Pérez-Hernández,
Chávez-Quiroz, Medina-Juárez, & Gámez Meza, 2012), but the effect of roasting on the
net antioxidant activity of coffee remains controversial (Ahmed, El-Ghamery, & Samy,
2013; del Castillo, Ames, & Gordon, 2002; Gómez-Ruiz, Ames, & Leake, 2008; van der
Werf, Marcic, Khalil, Sigrist, & Marchioni, 2014; Vignoli, Bassoli, & Benassi, 2011). In
addition, changes in the profile of phenolics during coffee roasting have not been
elucidated in detail.
Purpurogallin is a strong radical scavenger (Jhoo, Sang, Wei, Lee, Rosen, & Ho,
2004) in cabbage, glacial algae, and chestnut oak bark, nutgalls and leaves (Hounsome,
Hounsome, Tomos, & Edwards-Jones, 2009; Huang et al., 2011; Wu, Zeng, Wu, &
Carey, 1991). Purpurogallin is the first intermediate formed from pyrogallol through
autoxidation or enzymatic oxidation (Field, Kortekaas, & Lettinga, 1989), and the
reaction associated with color change can be used to determine peroxidase activity using
spectrophotometry (Ciopraga, Niculescu, & Marinescu, 1978). Purpurogallin may inhibit
cancer cell growth (Sang et al., 2004) and protect cardiocytes against oxidants (Wu et al.,
1996). In addition, purpurogallin can be used in the food industry to inhibit lipid
oxidation of edible oils or fats (Prasad & Laxdal, 1994b).
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Pure purpurogallin and purpurogallin that is enzymatically converted from
pyrogallol can be measured by spectrophotometry, high-performance liquid
chromatography (HPLC), and nuclear magnetic resonance (NMR) spectroscopy (Ghadiri,
Kariminia, & Roosta Azad, 2013; Kitada, Leone, Sareth, Zhai, Reed, & Pellecchia, 2003;
Prasad et al., 1994b). However, it is difficult to analyze purpurogallin in foods and
beverages that contain large amounts of hydrophobic background ingredients. Liquid
chromatography-mass spectrometry (LC-MS) has also been used to analyze
purpurogallin in the oxidative conversion study of phenolic compounds (Kerwin, 1996),
but it remains unknown whether the mass-to-charge ratio separation will work under the
hydrophobic background.
Dietary phenolic compounds are considered to be beneficial for health due to their
antioxidant activity (Stocker, 1999). Phenolic acids can be divided into two major groups:
hydroxybenzoic acids (C6-C1 skeleton) and hydroxycinnamic acids (C6-C3 skeleton)
(Heleno, Martins, Queiroz, & Ferreira, 2015). Many of the phenolic acids are synthesized
from the shikimic acid pathway in plants (Clifford, 2000; Tomás-Barberán & Clifford,
2000). Quinic and shikimic acids are the two key intermediates in the shikimic acid
pathway and are precursors of many aromatic compounds (Dewick, 2001; Herrmann,
1995; Pero, 2010).
Gallic acid is one of the few hydroxybenzoic acids that are abundant in plants
(Vermerris & Nicholson, 2008). Gallic acid is a key precursor for many plant secondary
metabolites (Muir et al., 2011), and can be derived from the shikimic acid pathway
(Vermerris et al., 2008). Gallic acid offers anti-inflammatory and cardio-protective
properties in wine, tea, and cocoa (Appeldoorn et al., 2005) and can be converted to
3

pyrogallol through thermal decarboxylation (Kambourakis, Draths, & Frost, 2000).
Pyrogallol is present in red wine and has strong antioxidant activity (Mu & Chen, 2012).
In addition, pyrogallol is a precursor of many phenolic antioxidants (Pokorný, 1991) such
as purpurogallin (Field et al., 1989).
Hydroxycinnamic acids are more common (Fereidoon & Chi-Tang, 2005), more
abundant in foods (Teixeira, Gaspar, Garrido, Garrido, & Borges, 2013), and have higher
antioxidant activity (Razzaghi-Asl, Garrido, Khazraei, Borges, & Firuzi, 2013; RiceEvans, Miller, & Paganga, 1996) than hydroxybenzoic acids. Caffeic acid is derived from
hydroxycinnamic acid. Caffeic acid is also naturally present in foods as chlorogenic acid,
which is the ester of caffeic acid with quinic acid (Konishi & Kobayashi, 2004). Coffee is
a rich source of chlorogenic acid, while chlorogenic acid and its hydrolysates (e.g.,
caffeic acid and quinic acid) are the major phenolic antioxidants in coffees (Gonthier,
Verny, Besson, Rémésy, & Scalbert, 2003; Komes & Bušić, 2014; Wang et al., 2009).
However, concentration of purpurogallin in coffee, its relation to the degree of roasting,
and its contribution to antioxidant activity, has not yet been determined.
The objectives of this study were to develop a detection and quantification
method that can be used to quantify purpurogallin in different commercial brewed
beverages, and to determine the effect that the degree of roasting has on purpurogallin
and phenolic acid concentration and antioxidant activity in coffee.
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CHAPTER II
LITERATURE REVIEW

2.1
2.1.1

History and consumption of beverages
History and consumption of coffee
By 2004, the per capita beverage consumption in the United States was

approximately 1.5 liters per day, almost equal to the consumption of water (Wolf et al.,
2008). According to the Beverage Guidance Panel, water is the preferred beverage in the
United States followed by tea and coffee (Popkin et al., 2006).
Coffee, one of the most popular beverages in the world, is a major contributor of
antioxidant polyphenols in the diet (Brezová et al., 2009; Fukushima et al., 2009; Paur,
Balstad, & Blomhoff, 2010; Ramadan-Hassanien, 2008; Svilaas et al., 2004). It has been
estimated that 80% of the adult population in the world consume coffee (Giridhar,
Ravishankar, & Sridevi, 2011). According to the International Coffee Organization
(2015), the total coffee production in the world reached 8.8 million tons (146.8 million
bags) in 2013/2014.
Coffee beans are the seeds of evergreen shrubs that belong to the Rubiaceae
family, the Ixoroideae subfamily, the Coffeeae tribe, and the Coffea genus (Anthony,
Bertrand, Etienne, & Lashermes, 2011; Shahidi & Naczk, 2003). Several species in the
Coffea genus can be grown for the seeds. However, Coffea arabica (arabicas), which
accounts for 75-80% of the world's coffee production, and Coffea canephora (robustas),
5

which accounts for approximately 20% of the world’s coffee production are the only two
species of commercial importance (Flamen, 1989; Shahidi et al., 2003).
The consumption of coffee originated in Africa in the 9th century (Topik, 2000;
Ukers, 1948). The earliest credible evidence of “modern” coffee (roasted, ground, and
brewed) appeared in the 15th century at Mocha city in Yemen, and quickly found a place
in Muslim culture (Standage, 2005; Topik, 2000). Although the ruler of Yemen tried to
maintain coffee as a strictly domestic product, Indian and Indonesian pilgrims brought
home viable beans and began to cultivate coffee (Pendergrast, 1999; Topik, 2000). After
coffee consumption spread from Egypt to Istanbul in 1554, coffee quickly spread to
Europe and to North America in the 17th century (Topik, 2000; Ukers, 1948). In the 18th
century, French people began to cultivate coffee in Martinique, and then export it to
South America (Pendergrast, 1999).
In recent years, the primary coffee sellers have shifted from restaurants to
coffeehouses. Starbucks, the largest coffeehouse company in the world, has more than
21,000 stores in more than 65 countries and territories, including more than 12,000 stores
in the United States (Scheidman, 2014). This has resulted in a dramatic increase in coffee
consumption. To meet the strong market demand for coffee in the United States, coffee
companies are encouraged to present more convenient or premium coffee options. Even
fast food restaurants (e.g., McDonalds) are competing in the coffee market through
providing their own roasts (Wolf et al., 2008).
Human epidemiological studies have indicated that moderate (<300 mL/day)
coffee consumption may offer cardiovascular benefits, lower the mortality of coronary
heart disease (Bonita et al., 2007), and decrease the incidence of some chronic diseases
6

including type-2 diabetes by improving insulin sensitivity (Bidel et al., 2008). Coffee
consumption may also lower the incidence of memory impairment through inhibition of
NF-κB activation and subsequent TNF-α production in human trials (Jang et al., 2013).
Green and roasted coffee both appeared to have anti-cancer (Belkaid, Currie, Desgagnés,
& Annabi, 2006; Miller et al., 2000) and hepato-protective properties (Kurakane &
Igarashi, 2006; Lima, Pereira, Abrahão, Zangeronimo, Paula, & Duarte, 2013; Shin et al.,
2010) in cell culture studies, and offer anti-inflammatory potential in animal studies
(Moreira et al., 2013; Paur et al., 2010).
In the food industry, coffee extract can be used to protect processed food against
lipid oxidation (Schwarz et al., 2001) and can regenerate the antioxidants bound to
insoluble parts of foods (Celik et al., 2013). Boiling ground coffee in water under high
pressure was stated to be the most efficient way of extracting antioxidants (Budryn &
Nebesny, 2008).
2.1.2

History and consumption of tea
Tea (Camellia spp.), which is consumed at more than 45 liters per capita per year,

is the most popular beverage in the world. In addition, its consumption has increased
more than 15 liters per capita per year in the last 40 years (Wolf et al., 2008). Tea is
native to China and the discovery of tea is legendarily attributed to Shennong (~2800
B.C.E.). Tea was present in the Han Dynasty (206 B.C.E−220 A.D.), and may have been
consumed by Confucius (551–479 B.C.E.) (Weisburger & Comer, 2000).
Tea consumption was limited in China until the Dutch and the British tea trade
began in the 17th century (Macfarlane & Macfarlane, 2003). From the late 17th century
to the late 18th century, the British tea imports increased from approximately 6 tons to
7

11,000 tons (Standage, 2005). The British victories in the Opium wars further expanded
their access to tea (Macfarlane et al., 2003; Standage, 2005; Weisburger et al., 2000).
Approximately 170 years after the British started to drink tea, they learned that
both green tea and black tea are processed from the same plant. This led to the
establishment of their own tea production in India in the mid-19th century (Weisburger et
al., 2000). Iced tea was first served in 1904 at the US World’s Fair in St. Louis and
teabags appeared commercially almost at the same time in New York (Weisburger et al.,
2000), both of which increased the convenience of tea consumption.
Black tea and green tea are the two major varieties of tea. Leaves from the
sinensis variety are usually used to produce green teas, while black teas are produced
from assamica (Zhang, Wang, Chen, Tan, & Wang, 2012). Black tea is one of the most
popular beverages in the world (Shahidi et al., 2003). Black tea undergoes fermentation
by polyphenol oxidases that are native to tea leaves (Kosińska & Andlauer, 2014;
Weisburger et al., 2000). Green tea is produced by rapid inactivation (dry heating or
steaming) of the phenol oxidases (phenolases) present in tea leaves, and the inactivation
of phenolic oxidation gives green tea its light color and characteristic astringency
(Shahidi et al., 2003). However, black tea and green tea both had similar antioxidant
activity in inhibiting liver lipid peroxidation in rat (Yoshino, Hara, Sano, & Tomita,
1994).
Tea has been reported to provide antimutagenic, anticarcinogenic,
hypocholesterolomic, antibacterial, and antiallergenic effects due to the antioxidant
properties of tea polyphenols (Cooper, 2012). It also may reduce the risk of
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cardiovascular diseases, inflammatory (bowel, liver, and neurodegenerative) diseases,
and diabetes (Carloni et al., 2013; Dufresne & Farnworth, 2001).
Tea contains up to 35% dry weight of polyphenolic compounds, and most of these
compounds are flavanols (Shahidi et al., 2003). Gallic acid and its acid ester (theogallin)
are the most abundant simple phenolic compounds in tea (Lin, Chen, & Harnly, 2008).
Black teas were reported to contain two to twenty times more gallic acid than green teas
(Kosińska et al., 2014). During the fermentation processing of black tea, gallic acid
increases significantly because of the oxidative degallation of phenolic esters (Lin et al.,
2008).
2.1.3

History and consumption of cocoa
The per capita consumption of chocolate in the United States is moderate (4.6-4.8

kg/y) in comparison to northern European countries (7-10 kg/y) (Seligson, Krummel, &
Apgar, 1994). Cocoa has been prepared as a drink since 1900 B.C.E. (Powis, Hurst,
Rodríguez, Ponciano Ortiz, & Blake, 2007). Cocoa was an important ingredient in a drink
that was only available to Aztec nobles, and the cocoa beans acted as a unified monetary
system in the middle Americas (e.g., the Aztecs and the Mayas) (Rössner, 1997).
The cocoa beans are seeds of the small evergreen tree, Theobroma cacao. The
production of cocoa includes fermentation, drying, cleaning, roasting, and milling
(Shahidi et al., 2003). The fermentation process lowers the astringency, acidity, and
bitterness of cocoa (Bonvehí & Coll, 1997a; Bonvehí & Coll, 1997b; Luna, Crouzillat,
Cirou, & Bucheli, 2002). Drying and roasting significantly change the composition of
cocoa beans and are responsible for the development of the specific cocoa aroma (Cros,
Chanliau, & Jeanjean, 1999; Rohan, 1969; Ziegleder & Biehl, 1988).
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Cocoa beans were brought to Europe in the early 16th century, with consumption
of the chocolate drink confined to the Spanish nobility (Rössner, 1997). Consumption of
chocolate spread all over Europe from the mid-16th century to the late-18th century, and
it was eventually served as a sweet drink that was prepared using the dried and roasted
cocoa beans with sugar and vanilla added (Rössner, 1997).
Preparing a cup of chocolate remained tedious (30 min of whipping the hot
mixture) until the late 18th century (Rössner, 1997). In the early 19th century, Dutch
chemist Coenraad van Houten introduced the “Dutch process” to the industry, which
added alkaline salts to chocolate to reduce its bitterness and increase its water-solubility.
In addition, cocoa butter was removed from chocolate to make the production cheaper
and more consistent in quality (Rössner, 1997). In 1875, the production of milk chocolate
was developed by Daniel Peter in Vevey, Switzerland, which is how chocolate is
currently made (Rössner, 1997).
Fresh unfermented cocoa beans contain approximately 2% of their dry mass as
polyphenolic compounds (Porter, Ma, & Chan, 1991). Cocoa and chocolate are rich
sources of flavonoids, which exhibit strong in-vitro antioxidant properties, and can
increase plasma antioxidant capacity, reduce platelet reactivity, decrease in level of
inflammation, and reduce the risk of cardiovascular disease (Cooper, Donovan,
Waterhouse, & Williamson, 2008; Kris-Etherton & Keen, 2002; Sies, Schewe, Heiss, &
Kelm, 2005; Steinberg, Bearden, & Keen, 2003).
In addition, chocolate can be used as a supplement for dietary deficiencies (e.g.,
magnesium) or as a regulator of mood, food intake, and compulsive behaviors (Bruinsma
& Taren, 1999). However, chocolate may also increase the risk of weight gain (Katz,
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Doughty, & Ali, 2011), and evoke psychopharmacologic and behavioral reactions
(similar to drug or alcohol addiction) that may be caused by its fat, sugar, texture, and
aroma (Bruinsma et al., 1999).
2.2
2.2.1

Antioxidant capacity and total phenolic content in coffee
Antioxidants
Antioxidants are the front-line defense of living organisms against oxidative stress

that is created by free radical attacks, which may result in major health problems
including neurodegenerative diseases, cardiovascular diseases, cancers, and macular
degeneration (Litescu, Eremia, Tache, Vasilescu, & Radu, 2014). An antioxidant is
defined as “a substance that, when presents at low concentrations compared to those of an
oxidizable substrate, significantly delays or inhibits oxidation of that substrate” (Litescu
et al., 2014). A pro-oxidant is defined as “a chemical that induces oxidative stress,
usually through either creating reactive oxygen species (ROS) or inhibiting antioxidant
systems,” and antioxidant capacity can be defined as “the ability of a compound to inhibit
oxidation, or pro-oxidant activity” (Opitz, Smrke, Goodman, & Yeretzian, 2014).
Therefore, antioxidants and pro-oxidants can be considered as biological terms, while
reductants and oxidants are chemical terms (Prior & Cao, 1999).
A combination of several assays that involve different chemical reactions can give
a better overview of a sample’s antioxidant properties (Huang, Boxin, & Prior, 2005). To
quantify the radical scavenging properties and determine the redox potential, assays
based on long lifetime free radicals or relatively stable reagents, such as 2,2-diphenyl-1picrylhydrazyl (DPPH) assay and Folin-Ciocalteu (FC) assay, are used (Litescu et al.,
2014).
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Generally, antioxidants can be classified as either preventive or chain-breaking
(Opitz et al., 2014). Preventive antioxidants (e.g., superoxide dismutase, catalase, or
peroxidase) suppress the formation of ROS, while chain-breaking antioxidants (e.g.,
vitamin C, vitamin E, uric acid, bilirubin, or polyphenols) scavenge ROS and thus break
the radical chain (Huang et al., 2005). The chain-breaking reaction involves (1) hydrogen
atom transfer (HAT), where an oxygen-derived radical abstracts a hydrogen atom from
the antioxidant and results in the formation of a relatively stable antioxidant-derived
radical, or (2) single electron transfer (SET), where an electron is first transferred and
then followed by a proton, or (3) both HAT and SET (Figure 2.1) (Huang et al., 2005;
Litescu et al., 2014).

Hydrogen Atom Transfer (HAT):
AOxH + ROO • →

ROOH + AOx •

AOxH + HO • →

H2 O + AOx •

Single Electron Transfer (SET):
ROO • +AOxH →

Figure 2.1

ROO− + AOxH +

AOxH + + H2 O →

AOx • +H3 O+

ROO− + H3 O+ →

ROOH + H2 O

Mechanisms of antioxidant (AOxH) reactions.

In vitro antioxidant assays can be classified as either competitive (the antioxidants
compete with biomolecules for the oxidizing agents) or non-competitive (the antioxidants
interact with oxidizing agents without competing with biomolecules) (Magalhães,
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Segundo, Reis, & Lima, 2008). Most of the HAT-based assays undergo competitive
reactions, in which antioxidant and substrate compete for peroxyl radicals (Huang et al.,
2005).
2.2.2

2,2-diphenyl-1-picrylhydrazyl (DPPH) assay for antioxidant activity
2,2-diphenyl-1-picrylhydrazyl (DPPH) is a stable radical in solution that exhibits

a deep purple color with a maximum absorbance at 515 nm in methanol (Mishra, Ojha, &
Chaudhury, 2012). The principle of this assay is based on the color change of DPPH
solution from purple to yellow as the radical is quenched by the antioxidant (Figure 2.2)
(Karagözler, Erdaǧ, Emek, & Uygun, 2008). Trolox (the water-soluble correspondent of
vitamin E) is generally accepted as the reference compound of antioxidants to compare
the results of different samples from different laboratories (Litescu et al., 2014).

(DPPH •) + (H − A) →
Purple
Figure 2.2

(DPPH − H) + (A •)
Yellow

The scavenging reaction between 2,2-diphenyl-1-picrylhydrazyl radical
(DPPH•) and an antioxidant (H-A).

The 2,2-azinobis (ABTS) assay is another commonly used method to evaluate
antioxidant capacity. In comparison to ABTS, the DPPH radical is stable, commercially
available, and does not have to be generated before the assay like the ABTS radical
cation (Pyrzynska & Pȩkal, 2013). The oxygen radical absorbance capacity (ORAC)
assay is another commonly used method to measure antioxidant activity. For years, the
Food and Drug Administration (FDA) recognized ORAC as a reference to compare the
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antioxidant value of foods (especially fruit and vegetables), and the United States
Department of Agriculture's (USDA) Nutrient Data Bank contains values for several
hundred foods (Fraga, Oteiza, & Galleano, 2014). However, the database was withdrawn
in 2012 since there was no correlation between antioxidant activity and the test results
(Fraga et al., 2014).
The DPPH assay is the most commonly used method for evaluating the
antioxidant capacity of foods (Pyrzynska et al., 2013) and in vitro studies (Alam, Bristi,
& Rafiquzzaman, 2013). The DPPH assay can be used for both solid and liquid samples.
Since the DPPH assay is not specific to any particular antioxidant component, it can be
used to estimate the overall antioxidant capacity of a sample (Pyrzynska et al., 2013).
2.2.3

Folin-Ciocalteu (FC) assay for total phenolic content
The FC assay a common method to determine the content of phenolic compounds

and it has been used for more than 100 years. The principle of the FC assay is to measure
the reduction of the oxidizing agent by an electron transfer reaction, which involves color
change and thus can be monitored by a spectrophotometer (Opitz et al., 2014). The FC
reagent is a mixture of phosphomolybdate and phosphotungstate (Singleton, Orthofer, &
Lamuela-Raventós, 1999). Under high pH conditions (pH ≥ 10), phenolic compounds
undergo autoxidation, and their electrons are transferred to molybdenum to form a blue
complex that can be detected at wavelengths around 750 nm (Singleton et al., 1999).
Moreover, the formation of blue complexes is independent of the structure of phenolic
compounds (Opitz et al., 2014).
The FC assay is used to measure “total phenolic content” of a sample since it has
special sensitivity to polyphenolic compounds (Opitz et al., 2014). The FC assay is also
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called the gallic acid equivalence (GAE) method since its result is usually expressed as
GAE (Keita et al., 2014). However, the FC reagent can be reduced by any reducing
substance, such as aromatic amines, sulfur dioxide, ascorbic acid, Cu(I), and Fe(II) (Prior,
Wu, & Schaich, 2005). Therefore, the FC assay is sometimes described as measuring “the
total reducing capacity of a sample” (Huang et al., 2005).
The FC reagent is commercially available, and the FC assay is reproducible and
simple for measuring antioxidant activity and estimating the total phenolic content of
foods (Opitz et al., 2014). The procedures of the FC assay have been standardized, and it
measures the absorption of samples at long wavelengths (e.g., 765 or 750 nm) to
minimize the interference from the sample matrix background (Opitz et al., 2014).
2.2.4

Antioxidants in coffee
Coffee is a rich source of antioxidants, including hydroxycinnamic acids (e.g.,

caffeic acid and chlorogenic acid), caffeine, nicotinic acid, trigonelline, cafestol, and
kahweol (Daglia, Racchi, Papetti, Lanni, Govoni, & Gazzani, 2004; Minamisawa,
Yoshida, & Takai, 2004). In the United States and Norway, coffee provides two-thirds of
the antioxidant intake (Giridhar et al., 2011). Coffee provides up to 350 mg of phenolic
compounds per cup (200 mL) and is one of the major phenolic sources in the Western
diet (Higdon & Frei, 2006). Coffee has an antioxidant activity that is three-fold higher
than red wine and five-fold higher than green tea (Pellegrini et al., 2003).
The antioxidant capacity of coffee is determined by both natural constituents and
compounds formed during roasting (Vignoli et al., 2011). The phenolic content of green
coffee beans is affected by species and geographic origins (Sánchez-González, JiménezEscrig, & Saura-Calixto, 2005). Chlorogenic acid is the most abundant phenolic
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compound and can account for up to 12% dry mass of green coffee beans (Ky, Louarn,
Dussert, Guyot, Hamon, & Noirot, 2001).
2.2.5

Effect of coffee roasting
Roasting is a heating process that turns green coffee beans into roasted brown

beans. Roasting (1) forces water out of the beans and reduces the total weight; (2)
expands the woody parts and makes the beans more porous; (3) transforms sugars into
CO2 gas and drives off volatile compounds; (4) caramelizes sugars and gives flavor to the
coffee beans (Davids, 2003).
During roasting, the first crack signals the start of the roast transformation or
pyrolysis, in which (1) sugars begin to caramelize, (2) beans increase in size, and (3)
bound water begins to split off and a large amount of moisture evaporates, resulting in a
series of tiny internal cataclysms that cause the crackling sound (Davids, 2003). From
this point, the beans begin to produce their inner heat, and the roast degree increases until
the second crack, which is caused by collapse of the woody structure (Davids, 2003). If
the roasting continues, the beans will soon fully carbonize and eventually combust. In
addition, the first crack is louder than the second crack, while the second crack occurs
more frequently than the first crack (Wilson, 2014).
The degree of roasting can be determined in four ways: (1) by the odor of the
smoke, which was the favored approach in the 19th century but is almost a lost art today;
(2) by the inner temperature of the bean, which is the preferred approach of today’s
technically inclined roasters; (3) by the surface color of the bean, which is the most
widely used method today and can be done by an experienced person or by a machine
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(Davids, 2003); and (4) by cracking sounds emitted by coffee beans during the roasting
process (Wilson, 2014).
The antioxidant capacity of coffee beans depends strongly on roasting, and is
retained in coffee brews (Fujioka & Shibamoto, 2008). During roasting, low water
activity and high temperature favor the formation of Maillard reaction products
(melanoidins) from proteins and carbohydrates (Borrelli, Esposito, Napolitano, Ritieni, &
Fogliano, 2004), and promote the degradation of low-molecular-weight phenolic
compounds (Djilas & Milić, 2005; Farah, de Paulis, Trugo, & Martin, 2005). The carboncarbon bonds of chlorogenic acids are broken by high temperature, and the compounds
undergo isomerization and degradation (Komes et al., 2014).
Melanoidins are abundant in coffee brews (up to 25% dry mass), and provide
strong antioxidant activity and metal-chelating ability (Komes et al., 2014; Yanagimoto,
Lee, Ochi, & Shibamoto, 2002). However, their chemical structures are not fully
determined (Komes et al., 2014). Low molecular weight melanoidins have more
antioxidant capacity than high molecular weight melanoidins (Delgado-Andrade &
Morales, 2005a). However, low molecular weight melanoidins are potentially mutagenic
(Taylor et al., 2004). Light-roasted coffee beans contain mainly medium-size melanoidins
while darker-roasted coffee beans contain mainly larger-sized melanoidins (Bekedam et
al., 2008).
The majority of evidence states that an increase in roasting will decrease the total
antioxidant capacity in coffees (Ahmed et al., 2013; Cho, Park, Kim, Kim, & Han, 2014;
Daglia, Papetti, Gregotti, Berte, & Gazzani, 2000; del Castillo et al., 2002; Del PinoGarcia, Gonzalez-SanJose, Rivero-Perez, & Muniz, 2012; Jeong, Jeong, Jo, Kim, Lee, &
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Heo, 2013; Liu et al., 2011; Nicoli, Anese, Manzocco, & Lerici, 1997; Somporn,
Kamtuo, Theerakulpisut, & Siriamornpun, 2011; Vignoli, Viegas, Bassoli, & Benassi,
2014). However, one report stated that dark roasted coffee had the highest peroxyl radical
scavenging activity and appeared to inhibit the oxidation of human low-density
lipoprotein (LDL) (Gómez-Ruiz et al., 2008), while another report stated that coffee
antioxidant activity was unaffected by roasting (Vignoli et al., 2011).
Intensive roasting seemed to decrease coffee antioxidant activity, but melanoidin
formation during roasting could compensate coffee antioxidant activity (Pérez-Hernández
et al., 2012). Maillard reaction products are the prevailing antioxidants in roasted coffee
since free chlorogenic acid is degraded (Liu et al., 2011). However, the contribution of
non-phenolic ingredients to the radical scavenging activity of coffee brews is relatively
lower than that of the phenolic compounds (Sacchetti, Di Mattia, Pittia, & Mastrocola,
2009). In short, there is no definite conclusion about the relationship between the roasting
level of coffee and its total antioxidant capacity.
2.3
2.3.1

Phenolic phytochemicals
Introduction to phenolic phytochemicals
Phenolic compounds, which have one or more hydroxyl groups attached directly

to an aromatic ring, originate from secondary metabolites in plants that are derived from
phenylalanine or tyrosine (Fereidoon et al., 2005; Shahidi et al., 2003). Polyphenols are
phenolic compounds that have more than one phenolic hydroxyl group that are attached
to one or more benzene rings (Vermerris et al., 2008). Because of the aromatic ring, the
hydrogen of the phenolic hydroxyl is highly reactive, and thus makes the phenolic
compounds weak acids (Vermerris et al., 2008).
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Phenolic compounds represent a large group of molecules with various functions
in plants (Shahidi et al., 2003; Vermerris et al., 2008). Most phenolic compounds are
present as esters or glycosides rather than free compounds (Shahidi et al., 2003;
Vermerris et al., 2008). Plants contain a large variety of phenolic derivatives (e.g., simple
phenols, phenylpropanoids, benzoic acid derivatives, flavonoids, stilbenes, tannins,
lignans, and lignins), and the phenolic compounds in animal tissues generally come from
the ingested plant foods (Shahidi et al., 2003).
Most phenolic compounds have two or more hydroxyl groups (Fereidoon et al.,
2005). Phenolic compounds are common bioactive substances in foods that have health
benefits related to their antioxidant activity (Fereidoon et al., 2005). The antioxidant
activity of phenolic compounds is governed by the structural characteristics of the
bioactive components, and is affected by the processing of foods (Fereidoon et al., 2005).
Thermal processing has been reported to alter the phenolic structure by inducing phenolic
polymerization or oxidation, which modifies the reactive hydroxyl groups on the
aromatic ring structure, resulting in improved antioxidant activity (Randhir, Kwon, &
Shetty, 2008).
2.3.2

Liquid chromatography-mass spectrometry (LC-MS)
An LC-MS system is an HPLC system (pump, injector, and column) combined to

a mass spectrometer through atmospheric pressure ionization (API) interface (Figure 2.3)
(McMaster, 2005). Liquid chromatography can be used to separate nonvolatile
components, such as individual phenolic compounds from a complex mixture, based on
the different affinities of compounds for the resin packed in the column (Vermerris et al.,
2008). While gas chromatography is not suitable for nonvolatile and thermally fragile
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molecules (Dagan & Amirav, 1996), liquid chromatography can safely separate a very
wide range of organic compounds (Bellar & Budde, 1988).

HPLC

API

Mass

• Pump
• Injector
• Column

• Electrospray
ionization
(ESI)

• Quadrupole
analyzer
• Detector

Figure 2.3

Liquid chromatography-mass spectrometry system model.

Two key components of mass spectrometry are the ion source, which generates
the ions, and the mass analyzer, which separates the ions. The atmospheric pressure
ionization technology greatly expands the number of compounds that can be analyzed by
LC-MS (Carroll, Dzidic, Stillwell, Horning, & Horning, 1974). The analyte molecules
are ionized at atmospheric pressure first, and then separated from neutral molecules
mechanically and electrostatically.
Electrospray ionization typically forms protonated molecules with little or no
fragmentation (Vermerris et al., 2008). The LC eluent that contains the analytes of
interest is sprayed into a chamber, which includes a strong electrostatic field and heated
drying gas (Pozniak & Cole, 2007). The electrostatic field causes the dissociation of the
analytes, and the heated drying gas causes the evaporation of the solvent in the charged
droplets until reaching the Rayleigh limit. At the Rayleigh limit, the repulsive force
between ions with like charges exceeds the surface tension that holds the droplet together
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(Cole, 2012), and thus the droplet undergoes Coulomb fission (the old droplet “explodes”
and creates many smaller new droplets) (Kebarle & Verkerk, 2009; Li, Tu, & Ray, 2005).
Eventually, the analyte ions are ejected into the gas phase, and pass into the mass
analyzer.
The quadrupole mass analyzer, which consists of four parallel cylindrical rods, is
the simplest and the least expensive mass analyzer. Voltages applied to the rods generate
electromagnetic fields, and the quadrupole filters the analyte ions based on their mass-tocharge ratios (Ed & Stroobant, 2007). Quadrupole mass analyzers can operate in either
scan mode, which monitors a range of mass-to-charge ratios, or selected ion monitoring
(SIM) mode, which monitors only a few mass-to-charge ratios. SIM mode is more
sensitve than scan mode but only provides information about the ions that are selected
(Song-Ja, Yun-Je, Hee-Soo, & Jongsei, 1990).
2.3.3

Phenolic compounds
The phenolic compounds in foods can be classified into simple phenols, phenolic

acids, flavonoids, stilbenes, lignans, and tannins (Fereidoon et al., 2005). The
biosynthesis of ﬂavonoids, stilbenes, hydroxycinnamates, and phenolic acids involves a
complex network of pathways largely based on the shikimic acid, the phenylpropanoid,
and the ﬂavonoid pathways (Jaganath et al., 2009; Vermerris et al., 2008).
There are two major classes of phenolic acids: hydroxybenzoic acids (C6-C1
skeleton) and hydroxycinnamic acids (C6-C3 skeleton) (Figure 2.4) (Clifford, 2000;
Tomás-Barberán et al., 2000). However, phenylacetic (C6-C2 skeleton) and
phenylpropionic (C6-C3 skeleton) also exist (Poquet, Clifford, & Williamson, 2009).
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Phenolic acids are rarely present as free forms and are usually present as soluble
or insoluble esters (Poquet et al., 2009). These esters can be formed with polysaccharides
or simple sugars (Jaganath et al., 2009), with quinic acid or other carboxylic acids (e.g.,
tartaric or shikimic acids) (Herrmann, 1989; Jaganath et al., 2009), with other phenolic
acids (Jaganath et al., 2009), with lipids (Clifford, 2000), with sterols or glycerol
(Clifford, 1999), or with amino acids (Clifford & Knight, 2004).

Figure 2.4

Benzoic acid
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H

R4
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4- or p-hydroxycinnamic acid
(p-coumaric)
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3- or m-hydroxycinnamic acid
(m-coumaric)
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caffeic acid

OH

OH

ferulic acid
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OCH3

isoferulic acid
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Chemical structures of phenolic acids.

Hydroxybenzoic acids are usually present in the bound form and are typically
components of complex structures, such as lignins and hydrolyzable tannins (Jaganath et
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al., 2009). Except in certain red fruits (e.g., blackberries) and onions, the content of
hydroxybenzoic acids is usually very low in edible plants (Shahidi et al., 2003). Gallic
acid (Figure 2.5) is one of the very few hydroxybenzoic acids that are abundant in plants
(Vermerris et al., 2008), and it is the base unit of gallotannins (Jaganath et al., 2009).
Gallic acid usually occurs in plants in soluble forms, such as catechin esters, quinic acid
esters, and hydrolysable tannins (Fereidoon et al., 2005).

Figure 2.5

Chemical structure of gallic acid.

The biosynthesis of gallic acid has been studied for more than 50 years, and it has
been proposed that gallic acid is (1) directly derived from the shikimic acid pathway, (2)
synthesized via phenylalanine, cinnamic acid, p-coumaric acid, caffeic acid, and 3,4,5trihydroxycinnamic acid, or (3) produced via caffeic acid and protocatechuic acid
(Vermerris et al., 2008). Different pathways can co-exist in different plant species, or
even within one species (Vermerris et al., 2008).
Gallic acid is produced from tannic acid by acid- or base-catalyzed hydrolysis in
the pharmaceutical industry (Kim, Silva, & Jung, 2011). The gallic acid that is produced
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can then be thermally decarboxylated with a catalyst to produce pyrogallol (Kim et al.,
2011). Pyrogallol can be further oxidized to purpurogallin by peroxidation enzymes (Kim
et al., 2011; McCarthy & White, 1983; Roy & Abraham, 2006; Tauber, 1953).
Animal studies (rats, rabbits, and chickens) suggest the possible metabolic fate of
gallic acid (Kaliora, Kanellos, & Kalogeropoulos, 2013). The main urinary metabolite of
gallic acid is 4-o-methylgallic acid, followed by pyrogallol (conjugated and unconjugated)
(Kaliora et al., 2013). Pyrogallol has strong antioxidant activity in red wine (Mu et al.,
2012), and many phenolic antioxidants are pyrogallol derivatives (Pokorný, 1991).
Oxidation of pyrogallol leads to the formation of purpurogallin (Field et al., 1989), which
has high peroxyl radical scavenging activity (Jhoo et al., 2004). In addition, human
erythrocytic hemoglobin can also convert pyrogallol to purpurogallin (Miyazaki, Arai,
Iwamoto, Takasaki, & Tomoda, 2004).
Pyrogallol is first deprotonated and oxidized to produce a pyrogallol-orthoquinone (Figure 2.6) (Ramasarma, Rao, Devi, Omkumar, Bhagyashree, & Bhat, 2014).
The produced quinone undergos cyclo-opening and degradation (Qiu, Liao, Meng, Zhu,
Wang, & Yu, 2005), and is then further condensed with another pyrogallol to give a
purpurogallin (Figure 2.6) (Qiu et al., 2005). Purpurogallin can also form dimers that are
associated by hydrogen bonds (Qiu et al., 2005). However, the formation of purpurogallin
dimers is pH dependent, which occurs at pH 8.0 but not at pH 7.4 (Veselinović, Nikolić,
& Nikolić, 2012).
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Figure 2.6

The mechanism of purpurogallin synthesis.

Purpurogallin is an active cytoprotector which is present in cabbages, glacial
algae, and chestnut oaks (barks, nutgalls, and leaves) (Hounsome et al., 2009; Huang et
al., 2011; Ku, Lee, & Bae, 2013; Prasad, Kapoor, & Lee, 1994a; Remias, Schwaiger,
Aigner, Leya, Stuppner, & Lutz, 2012; Rootman, Bindish, Zeng, Hasany, & Wu, 1994;
Sugiyama, Fung, & Wu, 1993; Watanabe et al., 2009; Wu, Wu, Carey, & Zeng, 1992;
Wu, Wu, Zeng, Au, Carey, & Fung, 1994; Wu et al., 1991; Wu et al., 1996; Yuen, Zeng,
Wu, & Rootman, 1994; Zeng & Wu, 1992). It has been stated to inhibit the growth of
cancer cells and nitric oxide synthesis in cell culture experiments (Sang et al., 2004), and
may have cardioprotective and anti-inflammatory effects (Jhoo, 2008; Kim, Ku, Lee, &
Bae, 2012; Park et al., 2013; Wu et al., 1996).
In the food industry, purpurogallin can be used as an additive in edible and nonedible oils or fats to retard oxidation (Prasad et al., 1994b). Pure purpurogallin can be
analyzed using spectrophotometry, high-performance liquid chromatography (HPLC),
and nuclear magnetic resonance (NMR) spectroscopy (Ghadiri et al., 2013; Kitada et al.,
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2003; Prasad et al., 1994b). However, it is difficult to analyze purpurogallin in foods and
beverages, which contain hydrophobic background ingredients including fats and
proteins. This problem could potentially be resolved by using LC-MS, which has also
been used to analyze pure purpurogallin (Kerwin, 1996), for the mass-to-charge ratio
(m/z) separation in combination with sample preparation procedures using solid phase
extraction (SPE) cartridges.
Hydroxycinnamic acids are more common in foods than hydroxybenzoic acids
(Fereidoon et al., 2005). In addition, hydroxycinnamic acid derivatives have higher
antioxidant activity than their corresponding hydroxybenzoic acid derivatives (RiceEvans et al., 1996). Common hydroxycinnamates (e.g., p-coumaric, caffeic, and ferulic
acids) are usually present as their respective tartrate esters that are associated with
coutaric, caftaric, and fertaric acids (Jaganath et al., 2009).
Caffeic acid and its esterified derivatives are the most abundant hydroxycinnamic
acids in many fruits (Fereidoon et al., 2005). Caffeic acid is also present in coffee, where
it is mainly hydrolyzed from chlorogenic acid during roasting (Figure 2.7) (Boettler et al.,
2011). Hydrolyzation can also occur in the small intestine after consumption (Dupas,
Baglieri, Ordonaud, Tomè, & Maillard, 2006). The hydrolyzed caffeic acid is better
absorbed into the blood stream than chlorogenic acid (Gonthier et al., 2003). In addition,
the antioxidant activity of caffeic acid is similar to chlorogenic acid (Rice-Evans et al.,
1996; Sato et al., 2011). Both caffeic acid and chlorogenic acid may inhibit lipid
peroxidation and chelate metals (Coates, 2011; Ferrari, 2007). In addition, their
antioxidant activities are significantly stronger than other common antioxidants (e.g.,
vitamin C and vitamin E) (Coates, 2011; Ferrari, 2007).
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Figure 2.7

Hydrolyzation of chlorogenic acid.

Chlorogenic acids, which are commonly present in fruits and vegetables, are
quinic acid esters of caffeic acid, which belong to a family of hydroxycinnmate-quinic
acid conjugates (Jaganath et al., 2009). Chlorogenic acids are widely distributed in plants,
but their content in green coffee beans is among the highest (4-14%) (Farah &
Donangelo, 2006; Jaganath et al., 2009). In addition, Robusta green coffee beans contain
more chlorogenic acids than Arabica (Farah et al., 2005; Ky et al., 2001).
Chlorogenic acids affect the formation of roasted coffee flavor (Farah et al.,
2006), and provide health benefits through their antioxidant activity (Moreira, Monteiro,
Ribeiro-Alves, Donangelo, & Trugo, 2005). The contribution of chlorogenic acids to total
antioxidant capacity of green coffee beans are around 56-69% (Komes et al., 2014). The
roasting of coffee beans results in an 80% decline in chlorogenic acid concentration, but
large amounts of cholorogenic acid with substantial antioxidant activity are still present
in the coffee brews (Jaganath et al., 2009).
Chlorogenic acid and its hydrolysates are the main phenolic compounds in coffees
(Wang et al., 2009). Chlorogenic acid, quinic acid, and caffeic acid inhibited the
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replication of human hepatitis B virus and had anti-carcinogenic and immune-modulating
properties in cell culture studies (Pero, Lund, & Leanderson, 2009; Sells, Chen, & Acs,
1987; Wang et al., 2009).
Quinic acid is one of the major organic acids that play important roles in the
flavor of plant foods (Erk, Bergmann, & Richling, 2009). Quinic acid was identiﬁed as a
common component in many well-known healthy foods, such as coffee, prune, sea
buckthorn, and cranberry (Pero et al., 2009). Quinic acid is also a key compound
associated with the shikimic acid pathway (Figure 2.8), which exists only in plants
(Herrmann, 1995; Pero, 2010). The shikimic acid pathway is responsible for the
biosynthesis of aromatic compounds, including essential amino acids (e.g., tryptophan,
phenylalanine, and tyrosine) (Herrmann, 1995; Pero, 2010). It has also been identified as
a precursor that leads to the production of nicotinamide and tryptophan as antioxidants
(Figure 2.8) (Pero et al., 2009).

Figure 2.8

The known metabolic pathway of quinic acid in plants and microorganisms
(Pero et al., 2009).

Shikimic acid (Figure 2.9) is a key intermediate of the shikimic acid pathway
(Herrmann & Weaver, 1999), which is associated with the synthesis of aromatic
metabolites in plants and microorganisms (Ganem, 1978; Herrmann, 1995; Wilson,
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Patton, Florova, Hale, & Reynolds, 1998). Aromatic amino acids (L-phenylalanine, Ltryptophan, and L-tyrosine), which are essential for metabolism, are produced by the
shikimic acid pathway (Bentley, 1990; Ghosh, Chisti, & Banerjee, 2012). Shikimic acid
is a versatile precursor for the synthesis of drugs (Ghosh et al., 2012). It can be produced
via chemical synthesis, microbial fermentation, extraction from certain plants (e.g., star
anise, sweetgum, and pine), and biotransformation of quinic acid (Ghosh et al., 2012).

Figure 2.9

Chemical structure of shikimic acid.
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CHAPTER III
SEPARATION AND QUANTIFICATION OF PURPUROGALLIN IN BREWED
BEVERAGES UTILIZING SOLID PHASE EXTRACTION AND LC-MS

3.1

Abstract
The presence of purpurogallin (PPG), a strong antioxidant, has not previously

been quantified in brewed beverages. Therefore, a method was developed for detection
and quantification of PPG in beverages. The limits of detection and quantification were
71.8 and 155.6 ng/g dry weight (dw), respectively. The recovery with solid-phase
extraction (SPE) was 26.6%. When combined with acetonitrile extraction (ANE), the
recovery was 6.8%, which was greater than the 2.6% with water extraction (WTE). Testtube extractions were better than moka pot brewing (MPB) for PPG quantification. Total
PPG content of ground coffees prepared by ANE, WTE, and MPB ranged between 635770, 455-630, and 85-135 ng/g dw, respectively. PPG was detected in two English
breakfast tea samples (335-360 ng/g dw) using WTE, but not in cocoa samples. ANE had
higher (p < 0.05) PPG levels, but WTE (r = 0.55, p < 0.01) correlated better with MPB
than ANE (r = 0.43, p < 0.01). This research indicated that SPE and LC-MS can be used
to quantify PPG in brewed beverages.
Keywords: Antioxidant; Brewed beverages; Cocoa; Coffee; Purpurogallin; Roasting;
SPE; Tea
Chemical compounds studied in this article: Purpurogallin (PubChem CID: 5281571)
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3.2

Introduction
Coffee is a major contributor of antioxidant polyphenols in the diet (Brezová et al.,

2009). Both green and roasted coffee beans provided hepatoprotective (Shin et al., 2010),
anti-inflammatory (Moreira et al., 2013), and cancer inhibiting (Miller et al., 2000)
effects in animal studies. Human epidemiological studies also indicated that moderate
coffee consumption appeared to offer cardiovascular benefits (Bonita et al., 2007) and led
to lower risk for some chronic diseases including type 2 diabetes (Bidel et al., 2008). In
the food industry, coffee extracts can be used to protect processed food against lipid
oxidation (Schwarz et al., 2001) as well as regenerate the antioxidants bound to the
insoluble components (e.g., wheat bran, rye flake, and peanut skin) of foods (Celik et al.,
2013).
Roasting is a heating process that turns green coffee beans into dark brown ones.
Roasting provides body, color, flavor, and aroma to the brewed coffee. Maillard reaction
products are the prevailing antioxidants in roasted coffee since free chlorogenic acid is
degraded (Liu et al., 2011). However, melanoidins are potentially mutagenic (Taylor et
al., 2004). Antioxidant activity decreases with roasting level, but the formation of
melanoidin during roasting could also improve coffee antioxidant capacity (PérezHernández et al., 2012). However, there is no conclusive evidence regarding the
relationship between coffee roasting and its total antioxidant capacity (Ahmed et al.,
2013; del Castillo et al., 2002; Gómez-Ruiz et al., 2008; Vignoli et al., 2011).
Purpurogallin (PPG; 2,3,4,5-tetrahydroxybenzo[7]annulen-6-one, CAS 569-77-7)
(Figure 3.1) is an active cytoprotector in cabbages, glacial algae, chestnut oak barks,
nutgalls and leaves (Hounsome et al., 2009; Huang et al., 2011; Wu et al., 1991).
31

Purpurogallin has excellent peroxyl radical scavenging activity (the relative oxygenradical absorbance capacity value was 6.01 ± 0.42) (Jhoo et al., 2004). In addition, it is
the first intermediate formed from pyrogallol through autoxidation or enzymatic
oxidation (Field et al., 1989). In cell culture studies, PPG inhibited nitric oxide synthesis
and cancer cell growth (Sang et al., 2004), and prolonged cardiocytes survival against
different oxidants (Wu et al., 1996). In the food industry, PPG can be used as an additive
to edible and non-edible oils or fats to retard oxidation (Prasad et al., 1994b).
Pure PPG can be analyzed using high-performance liquid chromatography (HPLC)
(Prasad et al., 1994b). However, to our knowledge, it has not been identified or quantified
in brewed beverages such as coffee. It is difficult to detect and quantify PPG in foods,
given the interference of hydrophobic background components. This problem may be
resolved by using liquid chromatography-mass spectrometry (LC-MS) for mass-to-charge
ratio (m/z) separation in combination with solid-phase extraction (SPE) C18 cartridges for
sample preparation.
The objectives of this study were to: (1) develop an analytical method for
detection and quantification of PPG in beverages; (2) compare the performance of
different sample preparation procedures; (3) quantify PPG content in commercial coffee,
cocoa, and tea samples; and (4) determine PPG concentration in coffee samples labeled
with different roasting levels.
3.3
3.3.1

Materials and methods
Chemical reagents and beverage materials
Solvents and chemicals were purchased from Sigma-Aldrich (St. Louis, MO,

USA) and Fisher Scientific (Pittsburgh, PA, USA). All solvents were HPLC grade.
32

Purpurogallin from TCI (Tokyo Chemical Industry Co., Tokyo, Japan) was used to
prepare the external standard. Ground coffee (total: n = 34; light: n = 2; medium: n = 16;
medium/dark: n = 6; dark: n = 10), partially decaffeinated ground coffee (total: n = 3;
medium: n = 2; medium/dark: n = 1), decaffeinated ground coffee (total: n = 7; medium:
n = 5, medium/dark: n = 2), instant coffee (total: n = 7; light/medium: n = 1; medium: n =
3; medium/dark: n = 1; dark: n = 2), cocoa (total: n = 3), and tea (total: n = 4) samples
were purchased from local supermarkets and prepared as described below.
3.3.2

Crude coffee extract preparation
For acetonitrile extraction (ANE), 1 g of ground coffee, instant coffee, cocoa, or

tea was extracted with 9 mL of acetonitrile (AN) in an 18×150mm glass test tube at 121
°C and 15 psi for 15 min using an autoclave (model MEA 109-85, Market Forge
Sterilmatic, New York, NY, USA). After adding 3 mL AN and vigorous vortexing, the
autoclaved tube was heated at 100°C for 15 min in a forced air oven (model Isotemp
318F, Fisher Scientific, Fair Lawn, NJ, USA). One milliliter of AN was added to the tube
and mixed by vortexing. The liquid was collected and centrifuged (model 5415C,
Eppendorf, Hauppauge, NY, USA) at 15,982g (14,000 rpm) for 5 min. The supernatant
was collected and stored at 4 °C. The AN extract was diluted 10 times (v/v) with water
before loading into the SPE cartridge.
For water extraction (WTE), 1 g of ground coffee, instant coffee, cocoa, or tea
was extracted with 9 mL water in a 18×150mm glass test tube at 121 °C and 15 psi for 15
min using an autoclave (model MEA 109-85, Market Forge Sterilmatic, New York, NY,
USA). After vigorous vortexing, the autoclaved tube was heated at 100°C for 15 min in a
forced air oven (model Isotemp 318F, Fisher Scientific, Fair Lawn, NJ, USA). The liquid
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was collected and centrifuged at 15,982g (14,000 rpm) for 5 min (model 5415C,
Eppendorf, Hauppauge, NY, USA). The supernatant was collected and stored at 4 °C.
For moka pot brewing (MPB), 5 g of ground coffee was brewed with 50 mL water
in 1-cup stovetop moka maker (model moka express, Bialetti, Rancho Cucamonga, CA,
USA) on a stirring hot plate (model 11-500-49SH, Fisher Scientific, Pittsburgh, PA) until
the top of the pot was full of coffee (approximately 5 min). Coffee was collected and
centrifuged at 38,759g (18,000 rpm) using a Fiberlite F21-8x50Y rotor for 5 min at 25 °C
(model Sorvall LYNX 4000, Thermo Scientific, Langenselbold, Germany). The
supernatant was collected and stored at 4 °C.
3.3.3

Solid phase extraction (SPE)
Cleanup of the extract was conducted using a Sep-Pak Classic C18 cartridge

(Waters, Milford, MA, USA) which was conditioned with 3 mL AN followed by 3 mL
water. The extract was directly loaded into the conditioned cartridge. For protocol
optimization, the eluent was collected in a series of fractions using 1 mL of 0 to 100%
(v/v) AN in water in 10% increments. For separation of PPG, the cartridge was washed
with water (3×3 mL) followed by 20% (v/v) AN in water (3×3 mL) to remove polar
compounds. The cartridge was eluted with 1 mL of 80% (v/v) AN in water to avoid
elution of superhydrophobic compounds. The eluent was passed through a 0.45µm Nylon
membrane filter (model Millex-HN, Millipore, Billerica, MA, USA) prior to LC-MS
analysis.
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3.3.4

LC-MS
The SPE eluents were analyzed using an Agilent 1200 series HPLC system

coupled with an Agilent 6410 triple quadrupole mass spectrometer with an electrospray
ionization (ESI) source (Agilent Technologies, Palo Alto, CA, USA). A 1.7µ 150×2.1
mm C18 column (model Kinetex, Phenomenex, Torrance, CA, USA) was used for
chromatographic separations at 30 °C. The injection volume was 5 μL for all standards
and samples. An isocratic mobile phase of AN/H2O (70/30, v/v) with 0.1% (v/v) formic
acid was used at a flow rate of 0.2 mL/min. The total run time was 8 min and the post-run
time was 4 min. The negative ionization mode was used for the analytes and the capillary
potential was set at 4 kV. Nitrogen was utilized both as the nebulizer gas at a pressure of
40 psi (350 °C) and as the drying gas at a flow rate of 10 L/min. Quantification of PPG
for each sample was repeated three times (replications) by tandem mass spectrometry
(MS2) scan at m/z 219.1 (extracted ion chromatogram, EIC) with a fragmentor voltage of
121.0 V within the range of m/z 100-500 at a scan time of 500 ms/cycle.
3.3.5

Quantification
External standards were used for PPG quantification. Calibration curves were

created by peak areas of standards with known concentrations (0.2, 0.5, 1, 2, 5 µg/mL in
80% (v/v) AN). The calibration curves were linear and R2 values were greater than 0.98.
3.3.6

Recovery
Recovery tests were performed for the two test-tube extractions (ANE and WTE)

in combination with the SPE method and the SPE method alone. For the two test-tube
extractions, 1 mg of PPG was added to an 18×150mm glass test tube with 10 mL of
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solvents (AN or water) and was prepared using the pressurized-heat extraction and the
SPE method mentioned above. For the SPE method, 1 mL of 100 µg/mL PPG solution of
AN was prepared via the aforesaid SPE procedures. All eluents were assayed in triplicate,
and the recovery percentages were generated by comparing the mass spectral data to the
calibration curves.
3.3.7

Statistical analysis
Statistical analysis was conducted with the SAS for Windows software (version

9.3, SAS Institute, Cary, NC, USA). The experiments were designed as unbalanced
incomplete block designs. Each coffee sample was considered as an experimental unit
and was analyzed in triplicate. Data were analyzed by analysis of variance (ANOVA)
using the general linear models (GLM) procedures. Separation of means was conducted
using Duncan's multiple range tests at α = 0.05. Pearson's correlation coefficient was also
employed to test the relationships among different extraction methods.
3.4
3.4.1

Results and discussion
Method development and performance
The detection limit of LC-MS method was 71.8 ng/g dry weight (dw) and the

quantification limit was 155.6 ng/g dw, which were calculated according to the method of
Armbruster, Tillman, and Hubbs (1994). Since the collision-induced dissociation (CID)
product ion formation of PPG was inconsistent, the EIC MS2 spectra at m/z 219.1 was
used to monitor and quantify PPG instead of multiple reaction monitoring (MRM)-based
analysis. The recovery using SPE cartridge was 26.6%, and was 6.8% and 2.6%,
respectively, when incorporating SPE into ANE and WTE.
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Direct injection of crude coffee extracts into the LC-MS system resulted in peak
distortion, retention time shift, and carry-over problems (data not shown), which are
common problems in MS chromatograms (Kirchner, Saussen, Steen, Steen, & Hamprecht,
2007). Using C18 SPE cartridges with general recommended procedures (cartridge
washed with 3×3 mL water followed by elution with 1 mL AN) partially solves this
problem and concentrates hydrophobic ingredients including PPG. However,
hydrophobic ingredients of a preceding sample still had carry-over effects on the next
samples, which made the results inconsistent and greatly increased the post-run time.
A stepwise gradient elution was performed to optimize washing and elution
conditions (Figure 3.2). Total PPG elution percentage of the first three fractions (0%,
10%, and 20% AN elution) was 1.4%, and the elution percentage of the last two fractions
(90% and 100% AN elution) was 0.4%. Most PPG was recovered in the fraction of the
40% AN elution. This indicated that only 1.8% of PPG would not be recovered using the
proposed SPE method as compared to 100% AN for elution.
MS2 chromatograms of PPG standards and coffee samples prepared by the
general recommended SPE procedures (eluted with 100% AN) or the proposed SPE
method are presented in Figure 3.3. The retention time (the peak maximum) of PPG was
roughly 1.96 min (Figure 3.3A). The chromatogram of the proposed method (Figure 3.3C)
appeared to have less peak broadening, less decrease in peak height, and fewer peak
shoulders while comparing with the general SPE procedure (Figure 3.3B). The proposed
method improved the limit of PPG detection and quantification, and provided more
consistent results.
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3.4.2

PPG in brewed beverages
PPG concentrations of six different kinds of beverages (ground coffee, partially

decaffeinated ground coffee, decaffeinated ground coffee, instant coffee, cocoa, and tea)
were determined, and the effect of three different extraction methods was compared
(Figure 3.4). Since MPB could only be used for ground coffee samples, there was no
comparison with other beverages for this extraction method. In three types of ground
coffee samples, ANE extracts had the highest (p < 0.05) PPG levels while MPB samples
contained the lowest (p < 0.05) levels. The recovered total PPG in all ground coffee
samples ranged between 635-770, 455-630, and 85-135 ng/g dw for ANE, WTE, and
MPB, respectively (Figure 3.4). PPG levels for MPB were above LOD but below LOQ.
The result indicated that ANE and WTE were more practical than MPB to extract PPG
from ground coffees.
All three extraction methods were positively and moderately correlated (r = 0.430.55, p < 0.01) with each other for all coffee samples. Boiling ground coffees in water
under high pressure was stated to be the most efficient way to extract antioxidants
(Budryn et al., 2008). A greater correlation (r = 0.55, p < 0.01) between WTE and MPB
than between ANE and MPB (r = 0.43, p < 0.01). In addition, the PPG values were 5
times higher (p < 0.05) in WTE extracts than in MPB extracts (Figure 3.4). With
minimum sacrifice in PPG recovery percentage, WTE also requires fewer procedures and
provides more consistent results than ANE. Therefore, WTE is a better method than ANE
for the extraction of samples using autoclave heating.
Since PPG is only slightly water-soluble (Rice & Hanzawa, 1922), solutions of
PPG are usually prepared in boiling 95% ethanol. ANE had a PPG recovery percentage
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2.5 times greater than WTE for PPG standards, but offered minimal advantages for
brewed beverages. ANE had 15.6% higher (p < 0.05) total PPG than WTE in ground
coffee samples, approximately 30% greater (p < 0.05) in partially decaffeinated and
decaffeinated ground coffee samples, and was not different (p > 0.05) for instant coffee
samples (Figure 3.4).
The higher (p < 0.05) PPG recovery percentage of WTE for coffee samples in
comparison to pure PPG indicated that ingredients in coffees may help extract PPG in
water. The low molecular weight amphipathic solutes in brewed coffee are known to
decrease the surface tension of espresso coffees (Illy & Navarini, 2011). For WTE, there
was less (p < 0.05) PPG in decaffeinated coffees than in ground or instant coffees (Figure
3.4). For ANE, no difference (p > 0.05) existed in PPG levels between regular and
decaffeinated coffees (Figure 3.4).This suggests that some of the amphipathic solutes
may be removed during the decaffeination process.
There was no difference (p > 0.05) in PPG levels between ANE and WTE extracts
of instant coffees. This may have occurred because they are dried water extracts of
ground coffees (Stoltze & Masters, 1979). Cocoa beans also undergo roasting during
production. Cocoa beans were reported to contain pyrogallol (1.8 µg/g fresh weight) in
the previous research (Lang, Mueller, & Hofmann, 2006), but PPG was not detected in
the cocoa samples (Figure 3.4). Fermentation and modern processing have resulted in a
decrease in antioxidants in cocoa beans (Chin, Miller, Payne, Hurst, & Stuart, 2013;
Mazor Jolić, Radojčić Redovniković, Marković, Ivanec Šipušić, & Delonga, 2011), and
may also lower PPG to undetectable levels.
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Green and black teas react well with free radicals and regenerate antioxidants in
food during the digestion process (Celik et al., 2013). However, no PPG was detected in
most tea samples with the exception of two English breakfast teas (335-360 ng/g dw)
prepared by WTE (Figure 3.4). During the manufacture of black tea, polyphenoloxidase
oxidizes catechins to theaflavins, thearubigins, and theabrownins (Butt et al., 2014), and
may also contribute to the conversion of PPG. The results suggest that WTE may be a
better extraction method for PPG determination in tea samples, and that the distinct
processing steps for English breakfast teas may be the key to having detectable levels of
PPG.
Among commercial instant coffees labeled with different roasting levels,
medium/dark roasted samples had higher (p < 0.05) PPG levels than both light/medium
and medium roasted samples when extracted by ANE (Figure 3.5A), and had the highest
(p < 0.05) PPG concentrations in comparison to all other samples when extracted by
WTE (Figure 3.5B). There was no difference (p > 0.05) in PPG concentrations among
different roasting levels of partially decaffeinated and decaffeinated ground coffee
samples (Figure 3.5A-C). Among regular ground coffees, dark roasted samples contained
more (p < 0.05) PPG levels than both light and medium roasted samples when extracted
by MPB (Figure 3.5C). Dark roasted coffees have been reported to have the highest
peroxy radical scavenging activity and provide human low-density lipoprotein (LDL)
better protection against oxidation (Gómez-Ruiz et al., 2008). However, PPG levels for
MPB were below LOQ and similar result did not exist in coffee samples extracted by
ANE and WTE (Figure 3.5A-C).
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3.5

Conclusions
The developed LC-MS method preceded by test-tube water extraction and SPE

was reliable for PPG determination in brewed beverages. PPG content was significant in
all commercial coffee samples, but it was only present in small quantities in some black
tea samples and was not detected in cocoa samples.
3.6

Tables and Figures

Figure 3.1

Structure of purpurogallin (PPG; 2,3,4,5-tetrahydroxybenzo[7]annulen-6one, CAS 569-77-7).
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Figure 3.2

Stepwise gradient elution of the purpurogallin (PPG) Standard (10 µg/mL
in acetonitrile [AN]) from the Sep-Pak Classic C18 solid-phase extraction
(SPE) cartridge.

42

Figure 3.3

Tandem mass spectrometry (MS2) chromatograms of the purpurogallin
(PPG) standard and the solid-phase extraction (SPE) eluents.

(A) The PPG standard (1 mg/mL in acetonitrile [AN]), (B) the coffee eluent extracted
with acetonitrile extraction (ANE) and eluted with 100% AN as the general
recommended SPE procedures, and (C) the coffee ANE extracts prepared with the
proposed SPE method.
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Figure 3.4

Effects of different extraction methods on total purpurogallin (PPG)
concentration analyzed by LC-MS.

Data in each extraction method with different letters are different at p < 0.05 according to
Duncan's multiple range test, where NA denotes no data available. Data are expressed as
mean ± SEM.
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Figure 3.5

Total purpurogallin (PPG) of different roasted coffee samples extracted by:
(A) acetonitrile extraction (ANE), (B) water extraction (WTE), and (C)
moka pot brewing (MPB).

Data in each chart with different letters are different at p < 0.05 according to Duncan's
multiple range test.
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CHAPTER IV
PURPUROGALLIN AND OTHER PHENOLIC COMPOUNDS, AND ANTIOXIDANT
ACTIVITY IN COFFEES FROM DIFFERENT GEOGRAPHIC ORIGINS AND
ROASTING DEGREES

4.1

Abstract
Antioxidant activity, total phenolic content, purpurogallin and other phenolic

compounds were determined for coffees with different degrees of roasting. In coffee
extracts, antioxidant activity and total phenolic content ranged from 63.9 to 92.0 mg
Trolox equivalents per gram dry weight of coffee, and 36.0 to 57.7 mg gallic acid
equivalents per gram dry weight of coffee, respectively. However, both antioxidant
activity and total phenolic content did not correlate with roasting degree (p > 0.05).
Chlorogenic acid decreased (p < 0.0001) with increased roasting degree, while shikimic
acid, caffeic acid, gallic acid, pyrogallol, and purpurogallin increased (p < 0.0001)
correspondingly. This indicates that roasting enhances the formation of purpurogallin and
other phenolic compounds, which compensates for the decreased antioxidant activity due
to the breakdown of chlorogenic acid.
Keywords: Coffee; Roast; Antioxidant; Chlorogenic acid; Quinic acid; Shikimic acid;
Caffeic acid; Gallic acid; Pyrogallol; Purpurogallin
Chemical compounds studied in this article: Caffeic acid (CA, PubChem CID:
689043); Chlorogenic acid (CHA, PubChem CID: 1794427); Gallic acid (GA, PubChem
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CID: 370); Purpurogallin (PPG, PubChem CID: 5281571); Pyrogallol (PG, PubChem
CID: 1057); Quinic acid (QA, PubChem CID: 6508); Shikimic acid (SA, PubChem CID:
1094)
4.2

Introduction
Coffee has been consumed since the 9th century. It is not only one of the most

popular beverages today but is also the world's second largest traded commodity, after
only petroleum (Mussatto et al., 2011). Studies have shown an inverse correlation
between coffee consumption and health problems, such as diabetes mellitus, cancers,
Parkinson's disease, and Alzheimer's disease (Bidel et al., 2008; Bonita et al., 2007; Butt
et al., 2011). The health benefits of coffees are due to their phenolic phytochemicals (Del
Rio et al., 2013). However, caffeine intake during pregnancy was associated with the
increased risk of low-birth-weight infants (Chen, Wu, Neelakantan, Chong, Pan, & van
Dam, 2014).
Dietary phenolic compounds are antioxidants that are reported to have health
benefits (Stocker, 1999). Most plant phenolic acids are synthesized from the shikimic
acid pathway and can be divided into two groups: (1) hydroxybenzoic acids (benzoic acid
derivatives) and (2) hydroxycinnamic acids (cinnamic acid derivatives) (Heleno et al.,
2015). Shikimic acid (Figure 4.1) is a central intermediate in the shikimic acid pathway,
and serves as a precursor for many aromatic metabolites, including cinnamic acid
(Dewick, 2001). Hydroxycinnamic acids are highly abundant in food (Teixeira et al.,
2013) and possess high antioxidant activity (Razzaghi-Asl et al., 2013). Caffeic acid
(Figure 4.1) is the major representative of hydroxycinnamic acids and it is most often
present in foods as chlorogenic acid (5-caffeoylquinic acid) (Figure 4.1), which is the
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ester of caffeic acid with quinic acid (Figure 4.1) (Konishi et al., 2004). Coffee is a major
dietary source of chlorogenic acid, which can be broken down to quinic acid and other
stronger antioxidants (e.g., caffeic acid) by gut microflora (Gonthier et al., 2003).
Gallic acid (Figure 4.1), which is also derived from the shikimic acid pathway, is
a key precursor for many plant secondary metabolites (Muir et al., 2011). It offers antiinflammatory and cardio-protective properties, and is in wine, tea, and cocoa
(Appeldoorn et al., 2005). Pyrogallol (Figure 4.1) can be prepared by thermal
decarboxylation of gallic acid (Kambourakis et al., 2000), and can be converted to
purpurogallin (Figure 4.1) through autoxidation or enzymatic oxidation (Field et al.,
1989). Purpurogallin has antioxidant properties against radicals (Zeng et al., 1992), and
can be added to edible and non-edible oils or fats to delay oxidation (Prasad et al.,
1994b).
Roasting of coffee beans provides the distinctive flavor, aroma, and dark-color in
brewed coffee (Bekedam et al., 2008). Maillard reaction products are the predominating
antioxidants in brewed coffee since most free chlorogenic acid is degraded during
roasting (Liu et al., 2011). However, there have been mixed results on the effect of
roasting on the antioxidant activity of coffee brews (del Castillo et al., 2002; Gómez-Ruiz
et al., 2008; van der Werf et al., 2014), with no report about changes in profiles of
purpurogallin and other phenolic compounds during roasting.
The objectives of this study were to determine antioxidant activity, total phenolic
content, and profiles of purpurogallin and other phenolic compounds in coffee beans at
different degrees of roasting from different geographic origins.

48

4.3
4.3.1

Materials and methods
Chemical reagents and coffee samples
Solvents, reagents, and chemicals were purchased from Sigma-Aldrich (St. Louis,

MO, USA) and Thermo Fisher Scientific Inc. (Waltham, MA, USA). All solvents used
were HPLC grade. Commercial chlorogenic acid (Sigma-Aldrich, St. Louis, MO, USA),
(-)-quinic acid (Sigma-Aldrich, St. Louis, MO, USA), shikimic acid (Acros, NJ, USA),
caffeic acid (Sigma-Aldrich, St. Louis, MO, USA), gallic acid (Sigma-Aldrich, St. Louis,
MO, USA), pyrogallol (Sigma-Aldrich, St. Louis, MO, USA), and purpurogallin (Tokyo
Chemical Industry Co., Tokyo, Japan) were used as external standards. Green and roasted
coffee beans were obtained directly from a coffee producer in Kenner, LA, USA.
4.3.2

Coffee extract preparation
Coffee beans were ground with 10 second-bursts (repeated 10 times) using an

electric grinder (model Electric Spice and Coffee Grinder, Epica, NY, USA). The ground
coffee (1 g) was mixed with 8 mL (7.2 g) of 50% (v/v) acetonitrile (AN) in water in an
18×150mm glass test tube, and incubated in a 85°C water bath for 10 min (vortexed
every 2 min). A recovery test was also carried out using commercial phenolic standards
(1 mg) instead of ground coffee to estimate the recovery efficiency. After incubation,
liquid was collected from the test tube, and centrifuged at 51,864g (19,500 rpm) using a
Thermo Scientific A21-24x15c Rotor for 10 min at 25 °C (model Sorvall LYNX 4000,
Thermo Scientific, Langenselbold, Germany). The supernatant was then collected for
solid phase extraction (SPE) cleanup using a Sep-Pak Classic C18 cartridge (Waters,
Milford, MA, USA), which was conditioned with 3 mL AN followed by 3 mL water. The
supernatant was loaded into the conditioned cartridge and the flow-through was collected.
49

The cartridge was eluted with 1 mL (0.9 g) of 90% (v/v) AN in water, and then with 1
mL (0.9 g) of 10% (v/v) AN in water. The collected flow-through and eluents were
pooled together as the coffee extract for all analyses. The coffee extract was passed
through a 0.45µm Nylon membrane filter (model Millex-HN, Millipore, Billerica, MA,
USA) before LC-MS analysis. To express data on a dry-weight basis, moisture content of
coffee beans was determined by measuring the weight loss after oven-drying at 105 °C
for 16 h according to ISO International Standard (2003).
4.3.3

Determination of phenolic compounds by LC-MS
Phenolic compounds that were present in the coffee extract were analyzed using

an Agilent 1200 series HPLC system coupled with an Agilent 6410 triple quadrupole
mass spectrometer with an electrospray ionization (ESI) source (Agilent Technologies,
Palo Alto, CA, USA). Chromatographic separations were performed at 30 °C with a 1.7µ
150×2.1 mm C18 column (model Kinetex, Phenomenex, Torrance, CA, USA). Each
injection volume was 5 μL. The mobile phase was isocratic AN/H2O (70/30, v/v) with
0.1% (v/v) formic acid at a flow rate of 0.2 mL/min. The analysis run time was 8 min and
the post-run time was 4 min. The negative ionization mode (ESI) was used for analysis
and the capillary voltage was set at 4000 V. Nitrogen was used as nebulizer gas (40 psi)
and drying gas (10 L/min, 350 °C). The tandem mass spectrometry (MS2) scan with the
extracted ion chromatogram (EIC) was employed for identification and quantification of
each phenolic compound using external calibration curves (R2 values were greater than
0.99): m/z 179 for caffeic acid, m/z 353.1 for chlorogenic acid, m/z 169 for gallic acid,
m/z 219.1 for purpurogallin, m/z 125 for pyrogallol, m/z 191.1 for quinic acid, and m/z
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173 for shikimic acid. The fragmentor voltage was set at 121.0 V and the mass range of
m/z 100-500 was scanned in a scan time of 500 ms/cycle.
4.3.4

2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay
DPPH radical scavenging activity was determined using a method described by

López-Galilea, De Peña, and Cid (2008) with modifications. The 6.1×10-5 M DPPH
solution was prepared in methanol immediately before use. The absorbance reading of
the DPPH solution at 515 nm was adjusted with methanol to 0.7 (±0.02) at 25 °C using a
UV/Vis-spectrophotometer (model UV-1201, Shimadzu, Tokyo, Japan). Coffee extracts
were diluted 1:100 in methanol prior to analysis. The diluted samples (50 μL) were added
to the DPPH− solution (1.95 mL) and mixed thoroughly. The absorbance was measured at
515 nm after 18 min of incubation at 25 °C using methanol as the blank. Antioxidant
capacity was expressed as milligrams of Trolox equivalents per kilogram (or gram) dry
weight of coffee (mg TE/kg dw or mg TE/g dw).
4.3.5

Folin-Ciocalteu (FC) total phenolic assay
Total phenolics were determined using a method adapted from Waterhouse

(2001). Each coffee extract was diluted 1:25 (v/v) with water, and the diluted extract (20
μL) was then mixed thoroughly with water (1.58 mL) and 2N FC reagent (100 µL). The
mixture was allowed to equilibrate at 25 °C for 5 min before mixing with the 20% (v/v in
water) sodium carbonate solution (300 µL). After incubation at 25 °C for 2 h, the
absorbance of the mixture was measured at 765 nm using a UV/Vis-spectrophotometer
(model UV-1201, Shimadzu, Tokyo, Japan) with water as the blank. Gallic acid was used
as the calibration standard, and the results were expressed as milligrams of gallic acid
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equivalents per kilogram (or gram) dry weight of coffee (mg GAE/kg dw or mg GAE/g
dw).
4.3.6

Statistical analysis
Statistical analysis was done with SAS for Windows (version 9.4, SAS Institute

Inc., Cary, NC, USA). The experiments were designed as randomized complete block
designs. Each coffee sample was considered as an experimental unit and was analyzed in
triplicate. Data are presented as means ±SD. The Pearson’s correlation analysis was
performed to determine the correlations among different parameters studied in coffees
with different roasting degrees. Differences (p < 0.05) among means were separated by
Duncan's multiple range tests at α = 0.05, using the analysis of variance (ANOVA) in
SAS with the general linear models (GLM) procedures.
4.4
4.4.1

Results and discussion
Method validation
With the exception of pyrogallol (30.3%), recoveries for the other target phenolic

compounds were more than 70% with less than 2.5% relative standard deviations (RSD)
(Table 4.1). While there is no report about the heat stability of pyrogallol, the results
indicate that pyrogallol may be more susceptible to heat in 50% (v/v) AN at 85°C than
other antioxidants. In contrast, while most (~80%) chlorogenic acid was reported to
degrade during roasting (Jaganath et al., 2009), its recovery was as high as 95.5%, which
suggests that it may be more resistant to heat degradation (85°C) when 50% (v/v) AN
was used as a solvent. The C18 SPE cartridges were employed to remove super-
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hydrophobic compounds and avoid common problems (e.g., peak distortion, retention
time shift, and carry-over) associated with MS chromatograms (Kirchner et al., 2007).
The limit of detection (LOD) of the seven phenolic compounds ranged from 0.06
to 0.23 mg/kg, and the quantification limits (LOQ) ranged from 0.22 to 0.89 mg/kg
(Table 4.1). The LOD and LOQ for the phenolic compounds were calculated using the
slope and the intercepts of the calibration regression curve (Shabir, 2003).
Phenolics were detected and quantified using the EIC MS2 spectra instead of
multiple reaction monitoring (MRM)-based analysis since the collision-induced
dissociation (CID) does not give consistent results for low molecular weight phenolic
compounds (Bajpai et al., 2005; Souverain, Rudaz, & Veuthey, 2004). For the
fragmentation study on small compounds, a LC-MS machine with an atmospheric
pressure chemical ionization (APCI) source will give a more reliable, predictable, and
sensitive result than ESI source since APCI is less liable to matrix effect (Bajpai et al.,
2005; Souverain et al., 2004).
4.4.2

Phenolic characterization and correlation analysis
For coffee extracts, the radical scavenging activity (ranged from 63.9 to 92.0 mg

TE/g dw) was positively correlated (r = 0.592, p < 0.05) with total phenolic content
(ranged from 36.0 to 57.7 mg GAE/g dw) (Table 4.2 and 4.3). Levels of radical
scavenging activity and total phenolic content are comparable to other reports (Brezová et
al., 2009; Hečimović, Belščak-Cvitanović, Horžić, & Komes, 2011). However, the
correlation is lower than in previous research on 30 aqueous plant extracts (r = 0.939)
(Dudonné, Vitrac, Coutiére, Woillez, & Mérillon, 2009). The lower correlation
coefficient may be due to a relatively small sample size (Goodwin & Leech, 2006).
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Radical scavenging activity was not correlated (p > 0.05) with any other
parameter that was analyzed (Table 4.2). This suggests that other components in coffees
besides these free phenolic compounds may also contribute to radical scavenging activity.
Low molecular weight compounds which are non-covalently linked to the melanoidin
skeleton also possess high antioxidant activity (Delgado-Andrade et al., 2005a; DelgadoAndrade, Rufián-Henares, & Morales, 2005b), and may compensate for the degradation
of free chlorogenic acid during roasting (Liu et al., 2011).
Total phenolic content was negatively correlated (p < 0.05) with quinic acid
concentration, but did not correlate (p > 0.05) with roasting degree and concentrations of
other phenolic compounds (Table 4.2). The FC assay is a common method used to
measure total phenolic content of a sample since it has special sensitivity to polyphenolic
compounds (Opitz et al., 2014). However, the FC reagent is also reactive to other
reducing compounds (e.g., ascorbic acid, thiol derivatives, and amino acids) (Everette,
Bryant, Green, Abbey, Wangila, & Walker, 2010). The correlation results of total
phenolic content (Table 4.2) indicate that FC assay is better described as a measure of the
total reducing capacity of a sample (Huang et al., 2005).
Coffee is the largest source of dietary chlorogenic acid (Clifford, 1999), which
was the most plentiful phenolic compound detected in coffees (Table 4.4). Chlorogenic
acid concentration was negatively correlated (r ≤ -0.945, p < 0.0001) to the degree of
roasting and all other phenolic compounds with the exception of quinic acid (Table 4.2).
Quinic acid concentration was positively correlated (r = 0.819, p < 0.01) with
chlorogenic acid concentration and negatively correlated (r ≤ -0.678, p < 0.01) with
concentrations of shikimic acid, caffeic acid, gallic acid, and pyrogallol (Table 4.2). In
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contrast, the concentrations of all other phenolic targets (shikimic acid, caffeic acid,
gallic acid, pyrogallol, and purpurogallin) were highly correlated (r ≥ 0.922, p < 0.0001)
with each other and with the degree of roasting.
Low molecular weight melanoidins may compensate for the decreased antioxidant
capacity in roasted coffees due to the degradation of free chlorogenic acid (Liu et al.,
2011). However, non-phenolic components had lower antioxidant activity in comparison
to phenolic compounds in coffee brews (Sacchetti et al., 2009). These correlation results
(Table 4.2) indicate that the phenolic compounds (e.g., caffeic acid, gallic acid,
pyrogallol, and purpurogallin) formed during roasting (Farah et al., 2006) may be
important for compensating for the decreased antioxidant capacity.
4.4.3

Degree of roasting
The degree of roasting did not affect (p > 0.05) radical scavenging activity (Figure

4.2A). This is different from other reports that suggest longer roasting (dark roasted
coffees) will either increase (Sánchez-González et al., 2005) or decrease the radical
scavenging capacity in coffees (van der Werf et al., 2014). Melanoidins and phenolic
compounds formed during roasting may compensate for the decreased antioxidant
capacity resulted from the degradation of chlorogenic acid (Farah et al., 2006; Liu et al.,
2011). This may be the reason why inconsistent results are produced. Total phenolic
content was higher (p < 0.05) in roasted than in green coffee beans, but did not change (p
< 0.05) with roasting level (Figure 4.2B). Similar results were also reported in Arabica
coffees (Alves et al., 2010).
Chlorogenic acid concentration decreased (p < 0.05) as the degree of roasting
increased (Figure 4.2C). This result was consistent with the negative correlation between
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chlorogenic acid concentration and the degree of roasting (r ≤ -0.945, p < 0.0001).
Roasting results in the degradation and the isomerization of chlorogenic acid and
transforms chlorogenic acid into chlorogenic acid lactones (Farah et al., 2005). In
addition, chlorogenic acid and proteins are primarily involved in the formation of
melanoidins (Bekedam et al., 2008). Chlorogenic acid degraded during roasting, but the
extraction recovery of chlorogenic acid (95.6%) indicated that chlorogenic acid was
stable in coffee brews (85°C).
Quinic acid concentration also decreased after roasting of coffee beans, but was
not affected (p > 0.05) by the degree of roasting (Figure 4.2C). In contrast, concentrations
of caffeic and shikimic acids in coffee beans increased (p < 0.05) after roasting (Figure
4.2C). However, as the degree of roasting increased, shikimic acid concentration
increased (p < 0.05), but caffeic acid concentration did not change (p > 0.05) (Figure
4.2C). Quinic and caffeic acids appeared to be reactive during roasting and their
concentrations decreased in coffee brews as the degree of roasting increased (Bekedam et
al., 2008). However, the degradation of chlorogenic acid during roasting (Trugo &
Macrae, 1984) may compensate for the decreased concentrations of quinic and caffeic
acids (Ginz, Balzer, Bradbury, & Maier, 2000).
In the present study, purpurogallin concentration (Table 4.5) was more than three
times higher than in our previous study (Figure 3.5). Although high-pressure heating has
been stated to be the most efficient way to extract antioxidants (Budryn et al., 2008),
autoclaving can induce the degradation of phenolic compounds (Correia, McCue, Vattem,
MagalhÃEs, MacÊDo, & Shetty, 2004) and may lower the amount of purpurogallin that
was extracted.
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Gallic acid, pyrogallol, and purpurogallin were not detected in green coffee beans,
but were present in roasted beans. In addition, dark roasted beans had greater (p < 0.05)
concentrations of the three antioxidants than medium roasted beans (Figure 4.2C). The
increase in purpurogallin concentration was assumed to be formed due to the oxidation of
pyrogallol (Tauber, 1953), which was produced by heating gallic acid (Kambourakis et
al., 2000). However, these results suggest that gallic acid, pyrogallol, and purpurogallin
may be converted from other coffee compounds (e.g., tannic acid) during roasting (Park
et al., 2008).
4.5

Conclusions
The phenolic compounds (e.g., caffeic acid, gallic acid, pyrogallol, and

purpurogallin) that were formed during coffee roasting may compensate for the decreased
antioxidant capacity due to the degradation of chlorogenic acid. Gallic acid was assumed
to be present in green coffee beans and converted to pyrogallol and purpurogallin during
roasting. However, gallic acid, pyrogallol, and purpurogallin were not detected in green
coffee beans, and may be formed from tannic acid or other compounds.
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4.6

Tables and Figures

Table 4.1

Recovery percentage, relative standard deviation (RSD), limit of detection
(LOD), and limit of quantification (LOQ) of phenolic compounds analyzed
by LC-MS *

Compound

Recovery (%)

RSD (%)

LOD (mg/kg)

LOQ (mg/kg)

CHA

95.6

1.5

0.12

0.48

QA

81.3

2.0

0.14

0.56

SA

85.0

2.3

0.16

0.62

CA

77.8

0.9

0.07

0.26

GA

88.9

1.2

0.06

0.22

PG

30.3

1.4

0.23

0.89

PPG

72.4

2.3

0.12

0.48

*

RSD, relative standard deviation; LOD, limit of detection; LOQ, limit of quantification.
Compound: CHA, chlorogenic acid; QA, quinic acid; SA, shikimic acid; CA, caffeic
acid; GA, gallic acid; PG, pyrogallol; PPG, purpurogallin.
*

Table 4.2

Trait
DPPH
FC

Pearson's correlation coefficients among roasting degree, antioxidant
activity, total phenolic content, purpurogallin, and other phenolic
compounds in coffees*

RD

DPPH

FC

CHA

QA

SA

CA

GA

PG

-0.344
0.444

0.592

c

CHA

-0.945

a

0.313

-0.533

QA

-0.648

c

0.027

-0.641

SA

0.938

a

-0.303

CA

0.933

a

GA

0.976

PG

0.969

c

0.819

b

0.541

-0.958

a

-0.719

b

-0.339

0.488

-0.956

a

-0.760

b

0.922

a

a

-0.300

0.537

-0.989

a

-0.753

b

0.963

a

0.963

a

a

-0.309

0.531

-0.983

a

-0.747

b

0.947

a

0.953

a

PPG

0.995

a

0.950 a -0.272
0.559 -0.952 a -0.678 c 0.964 a 0.935 a 0.971 a 0.962 a
*
RD, roasting degree; DPPH, 2,2-diphenyl-1-picrylhydrazyl radical scavenging assay; FC, Folin-Ciocalteu
total phenolic assay; CHA, chlorogenic acid; QA, quinic acid; SA, shikimic acid; CA, caffeic acid; GA,
gallic acid; PG, pyrogallol; PPG, purpurogallin.
a, b, c

= significant at p < 0.0001, p < 0.01, or p < 0.05, respectively.
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Table 4.3

Antioxidant activity and total phenolic content in green and roasted coffee
beans*

Country

RD

DPPH (mg TE/g dw)

FC (mg GAE/g dw)

Brazil

Green

76.3 ± 1.5

36.0 ± 1.7

Medium

78.5 ± 0.8

46.1 ± 2.1

Dark

63.9 ± 1.9

37.7 ± 0.8

Green

92.0 ± 1.1

43.7 ± 0.7

Medium

86.2 ± 1.1

51.3 ± 3.4

Dark

79.9 ± 4.2

47.2 ± 0.4

Green

76.8 ± 1.1

36.3 ± 1.0

Medium

77.5 ± 0.8

47.7 ± 2.3

Dark

76.2 ± 1.4

46.2 ± 1.8

Green

82.2 ± 1.6

40.9 ± 0.3

Medium

89.9 ± 1.1

57.7 ± 2.4

Ethiopia

Mexico

Tanzania

Dark
83.4 ± 2.5
55.1 ± 3.0
Values are means ± SD. RD, roasting degree; DPPH, 2,2-diphenyl-1-picrylhydrazyl
radical scavenging assay; TE, trolox equivalents; dw, dry weight; FC, Folin-Ciocalteu
total phenolic assay; GAE, gallic acid equivalents.
*
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Table 4.4

Concentration of chlorogenic acid, quinic acid, shikimic acid, and caffeic
acid in green and roasted coffee beans*

Country

RD

Chlorogenic acid
(mg/g dw)

Quinic acid
(mg/g dw)

Shikimic acid
(mg/g dw)

Brazil

Green

76.3 ± 1.4

15.7 ± 0.5

1.25 ± 0.11

81 ± 4

Medium

20.3 ± 1.3

13.4 ± 0.2

1.64 ± 0.01

167 ± 6

Dark

6.4 ± 0.2

14.9 ± 0.3

1.83 ± 0.04

254 ± 4

Green

88.9 ± 1.2

18.5 ± 0.2

1.07 ± 0.08

81 ± 9

Medium

25.4 ± 0.4

10.9 ± 0.1

1.56 ± 0.04

207 ± 7

Dark

11.2 ± 0.8

13.2 ± 0.3

1.77 ± 0.06

199 ± 2

Green

86.4 ± 1.5

18.1 ± 0.4

1.24 ± 0.06

93 ± 4

Medium

22.9 ± 0.7

13.1 ± 0.2

1.57 ± 0.07

177 ± 4

Dark

10.2 ± 0.4

13.3 ± 0.2

1.69 ± 0.13

217 ± 3

Green

84.8 ± 2.2

16.6 ± 0.4

1.05 ± 0.06

93 ± 6

Medium

33.6 ± 0.7

13.4 ± 0.7

1.67 ± 0.03

186 ± 8

7.2 ± 0.1

13.9 ± 0.4

1.94 ± 0.02

210 ± 7

Ethiopia

Mexico

Tanzania

Dark
*

Values are means ± SD. RD, roasting degree; dw, dry weight.
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Caffeic acid
(mg/kg dw)

Table 4.5

Country

RD

Gallic acid
(mg/kg dw)

Pyrogallol
(mg/kg dw)

Purpurogallin
(mg/kg dw)

Brazil

Green

ND

ND

ND

Medium

2.2 ± 0.1

2.7 ± 0.3

317 ± 4

Dark

3.2 ± 0.1

4.0 ± 0.0

466 ± 18

Green

ND

ND

ND

Medium

2.1 ± 0.1

2.5 ± 0.1

265 ± 11

Dark

3.0 ± 0.1

3.7 ± 0.2

323 ± 11

Green

ND

ND

ND

Medium

2.3 ± 0.1

3.3 ± 0.2

264 ± 11

Dark

3.1 ± 0.1

4.3 ± 0.2

426 ± 17

Green

ND

ND

ND

Medium

2.0 ± 0.1

2.6 ± 0.2

301 ± 13

Ethiopia

Mexico

Tanzania

*

Concentration of gallic acid, pyrogallol, and purpurogallin in green and
roasted coffee beans*

Dark
3.3 ± 0.1
4.1 ± 0.1
565 ± 8
Values are means ± SD. RD, roasting degree; dw, dry weight; ND, not detected.
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Figure 4.1

Structures of purpurogallin and other phenolic compounds analyzed in this
study.
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Figure 4.2

Effect of coffee roasting on: (A) radical scavenging activity determined by
2,2-diphenyl-1-picrylhydrazyl (DPPH) assay, (B) total phenolic content
determined by Folin-Ciocalteu (FC) assay, and (C) concentrations of
chlorogenic acid (CHA), quinic acid (QA), shikimic acid (SA), caffeic acid
(CA), gallic acid (GA), pyrogallol (PG), and purpurogallin (PPG) analyzed
by LC-MS.

Results of radical scavenging activity and total phenolic content are expressed as milligrams of
gallic acid equivalents (GAE), and milligrams of Trolox equivalents (TE) per kilogram dry
weight (dw) of coffee, respectively. Values are means ± SEM of four samples in each group. Data
in each assay or in each phenolic compound with different letters are different at p < 0.05
according to Duncan's multiple range test, where ND denotes not detected.
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CHAPTER V
SUMMARY AND CONCLUSIONS

A method for extracting, detecting, and quantifying purpurogallin in brewed
beverages was developed using liquid chromatography-mass spectrometry (LC-MS). The
test-tube extraction method was positively correlated with the traditional moka pot
brewing, and outperformed the moka pot brewing method since a greater number of
samples could be analyzed in a short period of time. Pre-treating samples through C18
solid phase extraction cartridges efficiently resolved problems associated with LC-MS
including peak distortion, retention time shift, and carry-over in chromatograms.
The test-tube extraction method for purpurogallin was modified and improved to
better extract heat-liable phenolic acids. The use of 85°C water-bath for extraction led to
a greater than ten-fold increase in the recovery of phenolic compounds than autoclaving.
Water was the preferred solvent that gave more consistent results for purpurogallin
extraction using autoclave heating. However, when using 85°C water-bath extraction,
50% (v/v) acetonitrile was a better choice for extracting purpurogallin, which is
hydrophobic, and phenolic acids, which are hydrophilic.
Collision-induced dissociation (CID) does not break down small aromatic
molecules consistently and efficiently, and thus the multiple reaction monitoring (MRM)based analysis cannot be used to quantify purpurogallin. However, tandem mass
spectrometry (MS2) can be used to detect and quantify purpurogallin via mass-to-charge
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ratio (m/z) separation. Combining the MS2 scan with extracted ion chromatograms (EIC)
also allows multiple-ion monitoring that can be used to analyze multiple phenolic
compounds at the same time.
Purpurogallin was detected in all commercial roasted coffee samples (455-630
ng/g dry weight) and in some commercial black tea samples (335-360 ng/g dry weight),
but was not detected in cocoa samples. The decaffeination process appears to decrease
purpurogallin content in coffees since some of the amphipathic solutes may be removed
during the decaffeination process. Purpurogallin is formed via oxidation of pyrogallol,
which is produced through the thermal decarboxylation of gallic acid. Gallic acid,
pyrogallol, and purpurogallin were not detected in green coffee beans, but were present in
roasted beans. These results suggest that longer (darker) roasting can enhance
purpurogallin content in coffees, and the three antioxidants may be converted from other
coffee compounds (e.g., tannic acid) during roasting.
By using 2,2-diphenyl-1-picrylhydrazyl (DPPH) and Folin-Ciocalteu (FC) assays,
it was determined that each gram of coffee had a radical scavenging activity between
63.9 and 92.0 mg Trolox equivalents and a total phenolic content between 36.0 and 57.7
mg gallic acid equivalents. Published literatures have reported positive or negative effects
of roasting on the antioxidant activity of coffee. However, the present study shows that an
increase in roasting did not affect the radical scavenging ability of coffee. Total phenolic
content of roasted coffee beans was higher than green beans, but the degree of roasting
did not have any perceptible effect.
Chlorogenic acid concentration in coffees decreased correspondingly as the
degree of roasting increased. Quinic acid concentration was positively correlated with
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chlorogenic acid concentration, and its concentration in green coffee beans also decreased
after roasting. However, quinic acid concentration did not decrease further as roasting
increased. On the contrary, concentrations of shikimic acid, caffeic acid, gallic acid,
pyrogallol, and purpurogallin were highly correlated with each other and with the degree
of roasting.
Results showed that roasting resulted in a significant decrease in chlorogenic acid
concentration in coffees, but no decrease in antioxidant activity. This indicates that
roasting degrades chlorogenic acid in coffee, and the degradation promotes the formation
of other phenolic compounds (e.g., caffeic acid and quinic acid). In addition, gallic acid,
pyrogallol, and purpurogallin may also be converted from tannic acid and other coffee
compounds during roasting. These newly formed phenolic compounds, together with the
prevailing Maillard reaction products (up to 25% dry mass), offset the decrease of
antioxidant activity due to the decreased chlorogenic acid concentration.
To further determine the effect of roasting on purpurogallin and phenolic
concentrations in coffees, controlled roasting conditions (e.g., time, temperature, and
pressure) should be used to roast coffee beans. A greater amount of samples with
different degree of roasting also needs to be included to determine the dynamic change of
phenolic compounds as roasting increases. Decaffeination decreased purpurogallin
concentration in commercial roasted coffees, but the effect among different
decaffeination processes has not been determined. Future research is needed to answer
these questions.
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Table A.1
Brand
1
2
3
3
3
3
3
4
4
4
4
5
5
5
5
5
6
6
6
6
6
8
8
8
11
12
12
12
12
12
12
12
12
16

Purpurogallin concentration in commercial ground coffee samples extracted
with acetonitrile extraction

Variety
Espresso Ground Coffee
French Roast
Breakfast Blend
Café Special
Colombia Classico Blend
Dark Roast
Hotel Blend
100% Colombian
Dark Italian Espresso
French Roast
Original
100% Colombian
Black Silk
Classic Roast
Gourmet Supreme
Special Roast
Colombia
Espresso Roast
French Roast
House Blend
Traditional Roast
100% Arabica Premium
100% Colombian
Classic Roast
Ground Coffee
100% Colombian
Breakfast Blend
Dark Roast
French Roast
Gourmet Roast
House Blend
Master Blend
Original Roast
Premium Coffee

Roast
Content (ng/g)
Dark
642.1
Dark
823.0
Medium
724.1
Medium/Dark
696.3
Medium/Dark
720.6
Dark
711.3
Medium
671.8
Medium
764.6
Dark
772.9
Dark
705.5
Medium
733.8
Medium/Dark
755.0
Dark
708.8
Medium
679.0
Dark
763.1
Medium
642.4
Medium
665.2
Dark
715.2
Dark
792.9
Medium/Dark
636.1
Medium
660.8
Medium
616.3
Medium
896.7
Medium
618.2
Medium
598.3
Medium/Dark
773.9
Light
654.4
Dark
706.5
Medium/Dark
686.6
Medium
679.3
Medium
682.4
Light
664.3
Medium
668.4
Medium
627.9

88

Standard deviation (ng/g)
2.7
9.1
6.0
6.5
5.0
19.2
1.6
16.0
12.1
4.9
19.0
28.4
10.3
9.6
23.4
17.0
6.7
12.9
26.7
6.1
8.2
8.1
17.9
2.4
9.3
31.4
9.2
3.7
12.4
20.4
9.2
7.4
12.8
27.0

Table A.2
Brand
1
2
3
3
3
3
3
4
4
4
4
5
5
5
5
5
6
6
6
6
6
8
8
8
11
12
12
12
12
12
12
12
12
16

Purpurogallin concentration in commercial ground coffee samples extracted
with water extraction

Variety
Espresso Ground Coffee
French Roast
Breakfast Blend
Café Special
Colombia Classico Blend
Dark Roast
Hotel Blend
100% Colombian
Dark Italian Espresso
French Roast
Original
100% Colombian
Black Silk
Classic Roast
Gourmet Supreme
Special Roast
Colombia
Espresso Roast
French Roast
House Blend
Traditional Roast
100% Arabica Premium
100% Colombian
Classic Roast
Ground Coffee
100% Colombian
Breakfast Blend
Dark Roast
French Roast
Gourmet Roast
House Blend
Master Blend
Original Roast
Premium Coffee

Roast
Content (ng/g)
Dark
566.0
Dark
656.0
Medium
600.8
Medium/Dark
606.9
Medium/Dark
633.7
Dark
632.6
Medium
624.1
Medium
524.4
Dark
657.3
Dark
575.9
Medium
578.2
Medium/Dark
634.7
Dark
594.9
Medium
593.5
Dark
589.6
Medium
580.0
Medium
593.4
Dark
604.2
Dark
616.3
Medium/Dark
582.0
Medium
567.0
Medium
578.0
Medium
615.6
Medium
536.8
Medium
528.5
Medium/Dark
615.0
Light
552.0
Dark
592.9
Medium/Dark
564.1
Medium
564.9
Medium
631.6
Light
629.4
Medium
548.5
Medium
567.1

89

Standard deviation (ng/g)
3.1
8.5
10.8
17.3
15.7
15.2
10.7
8.2
11.2
5.4
21.5
11.9
12.7
9.3
5.8
19.2
11.5
12.7
9.4
16.5
3.9
16.1
2.1
17.9
7.4
5.1
3.0
24.9
4.7
21.4
12.2
14.7
7.0
9.2

Table A.3
Brand
1
2
3
3
3
3
3
4
4
4
4
5
5
5
5
5
6
6
6
6
6
8
8
8
11
12
12
12
12
12
12
12
12
16

Purpurogallin concentration in commercial ground coffee samples extracted
with moka pot brewing

Variety
Espresso Ground Coffee
French Roast
Breakfast Blend
Café Special
Colombia Classico Blend
Dark Roast
Hotel Blend
100% Colombian
Dark Italian Espresso
French Roast
Original
100% Colombian
Black Silk
Classic Roast
Gourmet Supreme
Special Roast
Colombia
Espresso Roast
French Roast
House Blend
Traditional Roast
100% Arabica Premium
100% Colombian
Classic Roast
Ground Coffee
100% Colombian
Breakfast Blend
Dark Roast
French Roast
Gourmet Roast
House Blend
Master Blend
Original Roast
Premium Coffee

Roast
Content (ng/g)
Dark
736.0
Dark
736.6
Medium
363.0
Medium/Dark
601.9
Medium/Dark
563.3
Dark
627.3
Medium
601.2
Medium
562.0
Dark
714.2
Dark
585.0
Medium
634.7
Medium/Dark
742.6
Dark
672.9
Medium
642.4
Dark
641.3
Medium
594.9
Medium
605.4
Dark
653.7
Dark
665.3
Medium/Dark
552.1
Medium
510.6
Medium
556.0
Medium
566.2
Medium
441.4
Medium
494.0
Medium/Dark
562.0
Light
527.4
Dark
506.0
Medium/Dark
486.6
Medium
524.9
Medium
392.3
Light
468.3
Medium
508.5
Medium
542.4

90

Standard deviation (ng/g)
14.0
15.4
6.0
27.2
12.2
20.9
17.3
8.8
22.4
17.7
5.3
11.0
6.1
2.8
19.3
11.1
5.9
7.0
23.7
3.6
5.4
10.0
5.7
5.0
12.0
20.7
9.5
6.3
17.1
9.6
10.8
2.8
10.1
7.2

Table A.4
Brand
3
3
4
5
5
5
6
8
12
12

Variety
Café Special Decaffeinated
Half-Caff
Original Decaf
1/2 Caff
Classic Decaf
Simply Smooth Decaf
House Blend Decaf
Classic Decaf
Decaf Original Roast
Lite

Table A.5
Brand
3
3
4
5
5
5
6
8
12
12

Purpurogallin concentration in commercial decaffeinated and partially
decaffeinated coffee samples extracted with acetonitrile extraction
Roast
Content (ng/g)
Medium/Dark
627.6
Medium/Dark
714.4
Medium
664.0
Medium
743.4
Medium
692.6
Medium
662.4
Medium/Dark
671.6
Medium
655.0
Medium
641.1
Medium
624.7

Standard deviation (ng/g)
8.1
11.8
29.1
9.5
21.7
4.9
6.6
9.7
16.4
7.6

Purpurogallin concentration in commercial decaffeinated and partially
decaffeinated coffee samples extracted with water extraction

Variety
Café Special Decaffeinated
Half-Caff
Original Decaf
1/2 Caff
Classic Decaf
Simply Smooth Decaf
House Blend Decaf
Classic Decaf
Decaf Original Roast
Lite

Roast
Content (ng/g)
Medium/Dark
460.3
Medium/Dark
480.2
Medium
468.7
Medium
537.0
Medium
487.1
Medium
497.5
Medium/Dark
490.7
Medium
483.5
Medium
464.4
Medium
462.4

91

Standard deviation (ng/g)
3.1
3.5
8.6
20.6
10.2
10.4
6.3
8.4
4.6
9.3

Table A.6
Brand
3
3
4
5
5
5
6
8
12
12

Variety
Café Special Decaffeinated
Half-Caff
Original Decaf
1/2 Caff
Classic Decaf
Simply Smooth Decaf
House Blend Decaf
Classic Decaf
Decaf Original Roast
Lite

Table A.7
Brand
5
5
5
8
12
13
13

Purpurogallin concentration in commercial decaffeinated and partially
decaffeinated coffee samples extracted with moka pot brewing
Roast
Content (ng/g)
Medium/Dark
441.3
Medium/Dark
464.0
Medium
462.5
Medium
514.8
Medium
573.0
Medium
485.3
Medium/Dark
481.4
Medium
460.7
Medium
471.8
Medium
440.0

Standard deviation (ng/g)
7.3
6.9
2.9
9.0
7.7
13.1
7.7
10.1
13.0
6.9

Purpurogallin concentration in commercial instant coffee samples extracted
with acetonitrile extraction

Variety
100% Colombian
Black Silk
Classic Roast
Premium Instant Coffee
Original
Clasico Dark Roast
Taster's Choice House Blend

Roast
Content (ng/g)
Medium/Dark
691.0
Dark
613.1
Medium
491.0
Medium
558.6
Medium
542.0
Dark
586.6
Light/Medium
535.3

92

Standard deviation (ng/g)
7.5
12.3
1.1
8.7
7.8
6.0
3.6

Table A.8
Brand
5
5
5
8
12
13
13

Variety
100% Colombian
Black Silk
Classic Roast
Premium Instant Coffee
Original
Clasico Dark Roast
Taster's Choice House Blend

Table A.9
Brand
7
9
9
10
14
15
15
*

Purpurogallin concentration in commercial instant coffee samples extracted
with water extraction
Roast
Content (ng/g)
Medium/Dark
686.0
Dark
602.4
Medium
534.1
Medium
545.8
Medium
527.6
Dark
591.4
Light/Medium
563.3

Standard deviation (ng/g)
10.1
2.7
3.6
9.3
13.7
9.0
19.8

Purpurogallin concentration in commercial cocoa and tea samples extracted
with acetonitrile extraction*

Variety
100% Unsweetened (Baking) Cocoa
Natural Unsweetened Cocoa
Special Dark (Blend of Natural and Dutched Cocoas)
Loose Tea
Awake English Breakfast Tea
English Breakfast Tea
Green Tea

ND, not detected.

93

Content (ng/g)
ND
ND
ND
ND
ND
ND
ND

Standard deviation (ng/g)
ND
ND
ND
ND
ND
ND
ND

Table A.10 Purpurogallin concentration in commercial cocoa and tea samples extracted
with water extraction*
Brand
7
9
9
10
14
15
15
*

Variety
100% Unsweetened (Baking) Cocoa
Natural Unsweetened Cocoa
Special Dark (Blend of Natural and Dutched Cocoas)
Loose Tea
Awake English Breakfast Tea
English Breakfast Tea
Green Tea

Content (ng/g)
ND
ND
ND
ND
356.3
343.6
ND

Standard deviation (ng/g)
ND
ND
ND
ND
1.1
6.2
ND

ND, not detected.

Figure A.1

2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay standard
curve.
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Figure A.2

Folin-Ciocalteu (FC) total phenolic assay standard curve.

Figure A.3

Chlorogenic acid standard curve.
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Figure A.4

Quinic acid standard curve.

Figure A.5

Shikimic acid standard curve.
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Figure A.6

Caffeic acid standard curve.

Figure A.7

Gallic acid standard curve.
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Figure A.8

Pyrogallol standard curve.

Figure A.9

Purpurogallin standard curve.
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